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ABSTRACT 
Understanding the factors that influence the formation and location of distribution boundaries is 
important for the study of evolutionary processes.  These factors can be studied effectively at 
suture zones, regions containing disproportionally high numbers of contact zones (CZs) and 
phylogeographic breaks (PBs). Together, CZs and PBs offer complementary views of current 
and historical factors that separate or bring together populations of closely related taxa.  For my 
dissertation, I studied a suture zone in northern Amazonia, where ~100 pairs of taxa replace one 
another geographically.   
I analyzed the Guiana Shield avifauna, using bird distributions to redefine the boundaries of 
the Guianan area of endemism.  I showed that the Rio Branco is an important biogeographical 
barrier and a natural western limit for this area, although smaller rivers, savannas, and mountains 
also play a significant role.  A multivariate approach revealed that the Branco/Negro 
interfluvium represents a transitional zone for birds, suggesting that the longstanding view of 
Amazonia as a mosaic of parapatric areas of endemism likely represents an oversimplification of 
current patterns.  
I investigated the role of rivers in maintaining and generating biodiversity by testing 
predictions of the ‘riverine barrier hypothesis’.  Using a comparative phylogeographic approach, 
I found that phenotypically differentiated populations across rivers are reciprocally 
monophyletic.  The lower Rio Negro represents a stronger barrier to gene flow than does the 
upper Rio Negro, but no genetic homogenization occurs towards the headwaters.  Most ‘riverine 
barrier hypothesis’ predictions were not supported, suggesting that rivers are key to maintaining 
biodiversity, but not for its generation.   
Finally, I explored the role of physical and ecological factors in the location of CZs and PBs. 
PBs cluster along physical barriers, whereas CZs aggregate at the headwaters of large rivers.  
 x 
Nearly half of the pairs that come into contact hybridize, and show significantly lower genetic 
distances than pairs that come into contact and do not interbreed, suggesting that time of 
isolation as inferred from genetic data may predict their likelihood of hybridization.  Ecological 
niche models showed significant levels of niche divergence between pairs, suggesting that 
environmental variables cannot be ruled out as factors influencing the location of suture zones. 
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CHAPTER 1 
INTRODUCTION 
 
 “On this accurate determination of an animal's range many interesting questions depend. 
Are very closely allied species ever separated by a wide interval of country? What 
physical features determine the boundaries of species? Do the isothermal lines ever 
accurately bound the range of species? What are the circumstances which render certain 
rivers and certain mountain ranges the limits of numerous species, while others are not?” 
Alfred Russel Wallace (1852) 
 
The Amazon basin has fascinated biologists ever since Wallace revealed to the Zoological 
Society of London the unique patterns he had observed during his travels in the Amazon.  He 
found that different forms of similar-looking monkeys and birds replaced one another across 
some large rivers, and even mentioned that natives were “perfectly acquainted with this fact, and 
always cross over the river when they want to procure particular animals, which are found even 
on the river's bank on one side, but never by any chance on the other” (Wallace, 1852). 
Many regions on earth have impressive rivers, such as the Congo, the Mississippi, and the 
Nile, yet nowhere else on the planet are rivers known to subdivide animal distributions to the 
extent observed in Amazonia.  During the 160 years since Wallace’s visit to the Amazon, 
biologists documented the role of rivers in the delimitation of biotic distributions in groups as 
diverse as birds (Haffer, 1969), primates (Hershkovitz, 1977; Ayres & Clutton-Brock, 1992; 
Silva & Oren, 1996), butterflies (Brown, 1982; Hall & Harvey, 2001), frogs (Ron 2000), lizards 
(Vanzolini, 1973; Avila-Pires, 1995), and plants (Prance, 1982). 
Despite the voluminous work of researchers and collectors, many of Wallace’s questions 
remain unanswered.  For example, we do not know whether many closely related species have 
gaps between their ranges or are truly parapatric, simply because many areas in Amazonia have 
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never been sampled before (Oren & Albuquerque, 1991).  We are also still unaware which 
physical features of the landscape determine the boundaries of species, given that few species’ 
entire distributions are known with certainty.  Although good range maps are available from 
many different sources, particularly for birds (Ridgely & Tudor, 1994; Hilty, 2003; Ridgely et 
al., 2007), these are either geographically restricted or limited to the species level, neglecting the 
patterns of independent evolutionary lineages currently recognized as subspecies.  Furthermore, 
whereas we may have a good idea of the general distribution patterns of Amazonian birds, we 
rarely know details at the river’s headwaters, where rivers are too narrow to act as physical 
barriers to dispersal.  To date, the headwaters of large rivers may well represent the final frontier 
in Amazonian biogeography, although in some regions, such as southern Amazonia, the 
vegetated headwaters are disappearing at unprecedented rates.  Likewise, we have no idea 
whether isothermal lines (or any other climatological feature) ever bound the ranges of species in 
Amazonia.  And at present, we can only speculate as to why some rivers limit the distributions of 
numerous species, whereas others do not.  
These are some of the questions I address in my dissertation, using a comparative 
phylogeographic approach, which involves examining geographical and genetic patterns across 
multiple co-distributed taxa (Bermingham & Moritz, 1998; Avise, 2000; Arbogast & Kenagy, 
2001; Riddle et al., 2008).  Those are questions of broad interest that have remained unanswered 
for too long, and can now be addressed using a combination of modern methods and new 
analytical approaches, many of which were unavailable just ten or twenty years ago.  Our ability 
to study population genetics has opened outstanding opportunities for studying Amazonian 
biogeography: old but long-standing hypotheses can now be tested directly (Moritz et al., 2000; 
Aleixo, 2004), novel cryptic patterns are being described (Moritz et al., 2009), and new 
statistical frameworks add rigor to a field that a few years ago relied on subjective interpretations 
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(Carstens et al., 2005; Richards et al., 2007; Hickerson et al., 2009).  Likewise, Geographical 
Information Systems (GIS) and ecological niche models, with newly available environmental 
layers and ever improving algorithms, have provided the baseline for an outburst of spatial 
analyses (Kidd & Ritchie, 2006).  Unfortunately, these types of analyses, which have been 
successfully applied in other regions and which can potentially resolve the complexities of 
animal distributions, have yet to be used extensively in the study of Amazonian biogeography 
(Kozak et al., 2008). 
The main challenge of my dissertation was to integrate these new techniques into the study of 
avian distribution patterns in the Amazon basin.  I focused on one of the most extraordinary 
regions of the Amazon basin: the Guiana Shield.  Covering much of northern South America, the 
Guiana Shield is located between the Amazon and the Orinoco rivers, in a region dominated by a 
rare mixture of ancient and recent geological features, with some of the most pristine and least-
populated areas in the world (Hammond, 2005a).  In the Guiana Shield, evolutionary processes 
can be studied in their natural state.  Biogeographical barriers are still active, without the 
confounding factors of deforestation, and the smoke of civilization has not yet blurred the 
evolutionary history of its landscapes and biota.  From a biogeographical perspective, the Guiana 
Shield lies at the confluence of four areas of endemism (Cracraft, 1985). The meeting of these 
distinct avifaunas has already been described by Haffer (1974), but not fully studied until now.  
From an ecological standpoint, the Guiana Shield represents one of the most environmentally 
heterogeneous regions of the Amazon, where terra firme forests, flooded forests, savannas, 
white-sand forests, and the magnificent tabletop mountains known as Tepuis all intermingle in a 
fashion not seen elsewhere in Amazonia.   
This study was motivated by my personal fieldwork in the Rio Negro basin since 2001, when 
I observed that many Guianan endemic birds showed different distribution patterns.  As I 
 4 
surveyed the avifauna along the Rio Negro, I realized that the terra firme forest avifaunas on 
both banks became more similar to one another as I moved towards the headwaters of the river, 
an observation made by Wallace more than 150 years before! 
My dissertation is divided into three main research chapters (Chapters 2-4), which aim to 
explore different aspects of a single theme: understanding the patterns of avian distributions and 
replacement, exploring the role of physical and ecological factors in the delimitation of contact 
zones and phylogeographic breaks, and evaluating their implications for the diversification 
process.  In the first research chapter (Chapter 2), I focus on the endemic avifauna of the lowland 
terra firme forests of the Guiana Shield and use their distributional patterns to redefine the 
boundaries of the Guianan area of endemism.  In the second research chapter (Chapter 3), I shift 
my interest to the patterns of replacement of pairs of closely related taxa across large rivers, 
testing the predictions of the ‘riverine barrier hypothesis’.  My goal here is to investigate the role 
of rivers as evolutionary forces by analyzing their contribution to the maintenance and 
generation of biodiversity.  In the last research chapter (Chapter 4), I explore the role of physical 
and ecological factors in the location of avian contact zones and phylogeographic breaks in the 
Guiana Shield. I also analyze the outcomes of secondary contact (hybridization or reproductive 
isolation), and use the time of isolation between pairs as inferred from molecular data to correlate 
with their likelihood of hybridization.  Finally, I use ecological niche models to evaluate the role 
of ecological factors in the geographic location of suture zones. 
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CHAPTER 2 
AVIAN DISTRIBUTION PATTERNS IN THE GUIANA SHIELD: 
IMPLICATIONS FOR THE DELIMITATION AND UNDERSTANDING OF 
AMAZONIAN AREAS OF ENDEMISM  
 
INTRODUCTION 
The Amazon basin has long fascinated ecologists and biogeographers, not only for harboring the 
highest biodiversity on earth, but particularly because of the uniqueness and apparent simplicity 
of the distribution patterns of its biota.  During the early days of Amazonian exploration, Alfred 
Russel Wallace realized that rivers represented meaningful barriers to birds and monkeys 
(Wallace, 1852).  On opposite banks of some large rivers, closely related, yet well differentiated 
taxa, replaced one another.  These patterns of geographic and ecological substitution across large 
rivers, covering an entire river basin of continental proportions, are unique.  This apparent 
simplicity implies that by determining which rivers represent the region’s main biogeographical 
barriers, general distribution patterns can be identified without undue attention to the distribution 
of every taxon, many of which are still poorly known.  
The importance of large Amazonian rivers as biogeographical barriers results in spatial 
congruence in the distributions of plants and animals, and was used to define what Wallace 
(1852) called ‘districts’, which were later described as ‘areas of endemism’ by Cracraft (1985).  
Areas of endemism are based on shared congruent distributions (Platnick, 1991) and are vital for 
historical biogeography, representing the smallest unit of study (Nelson & Platnick, 1981).  
Despite the controversy related to whether they really are minimal study units (Hausdorf & 
Hennig, 2003; Szumik & Goloboff, 2004), areas of endemism remain essential in the quest to 
understand the distribution of life on earth, and are the entities compared when the goal is to 
search for explanations of biological patterns based on earth history (Linder, 2001).  Although 
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general congruence in species distributions is required, precise congruence at all scales is not 
(Morrone, 1994; Hausdorf, 2002), because different ecological requirements and dispersal 
abilities among species will prevent exact congruence.  Nonetheless, the correct delimitation of 
areas of endemism is crucial for understanding historical processes (Harold & Mooi, 1994), 
because the assumption is that the biota of an area of endemism shares a common history, and 
that the biogeographical relationships of its elements should be relatively similar, resulting in 
incongruence when this assumption is not met (Linder, 2001). 
In Amazonia, areas of endemism are well established (Cracraft, 1985) and have rarely been 
disputed.  They have been widely used to study area relationships (Cracraft & Prum, 1988; Bates 
et al., 1998; Marks et al., 2002; Eberhard & Bermingham, 2005), to test evolutionary and 
historical hypotheses (Aleixo, 2004; Ribas et al., 2005; Aleixo & Rossetti, 2007), and even to 
suggest conservation priorities (Conservation International, 2003; Silva et al., 2005).  At present, 
up to nine Amazonian areas of endemism are recognized for birds (Cracraft, 1985; Silva et al., 
2002; Borges, 2007).  The generality of these areas of endemism has been confirmed by studies 
of other groups, such as plants (Prance, 1982), butterflies (Brown, 1982), lizards (Avila-Pires, 
1995), primates (Silva et al., 1996), and frogs (Ron, 2000).   
In spite of this apparent generality, a recent review of avian phylogeographic studies in 
Amazonia (Aleixo & Rossetti, 2007) and a community-wide Parsimony Analysis of Endemicity 
(Bates et al., 1998) showed that common historical and biogeographical patterns among most 
taxa are rarely found, and intricate evolutionary scenarios and species-specific historical events 
have been suggested to account for these incongruence (Bates et al., 1998; Cohn-Haft, 2000; 
Bates, 2001; Cheviron et al., 2005).  Complex and species-specific evolutionary scenarios are 
likely (Bush, 1994), but a potential source of error in such analyses is that Amazonian areas of 
endemism, as currently defined, do not accurately represent avian distribution patterns.  
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Therefore, it is critical to define unambiguously the boundaries of these areas and the taxa that 
characterize them.   
Here, I investigated in detail the distribution patterns of birds in the Guiana Shield, studying 
in particular, the western limit of the region known as the Guiana area of endemism, one of the 
most heterogeneous regions of Amazonia in terms of vegetation, geology, and topography (Naka 
et al., 2006).  My specific goals were to: i) identify the endemic avian taxa that characterize this 
area of endemism, ii) define the boundaries of this area of endemism for birds, iii) evaluate 
whether individual boundaries coincide with landscape features, and iv) investigate degree of 
congruence in distributions of Guianan endemics.  By answering these questions, I attempted to 
provide a critical assessment of the utility of Amazonian areas of endemism, as presently 
described, to the field of biogeography. 
METHODS 
The Guiana Area of Endemism  
The Guiana Shield covers much of north-eastern South America, accounting for ~13% of the 
continent, and representing a complex land of ancient soils and recent geological features 
(Hammond, 2005a).  This region is typically defined by the Orinoco, Amazon and Japurá rivers, 
going as far west as the state of Vaupés in Colombia (Conservation International, 2003; 
Hammond, 2005b) (Fig. 1).  Although the exact boundaries of this geological region are still 
unclear (Gibbs & Barron, 1993; Hammond, 2005a), the existence of the Guiana area of 
endemism has not been controversial. Back in 1852, Wallace defined the ‘Guiana district’ as 
bounded by the Negro and Amazon rivers.  Although three other districts defined by Wallace’s 
were subsequently subdivided by biogeographers into smaller areas, the Guiana district remained 
largely unchanged. Haffer (1969) used avian distributions to delineate the ‘Guianan center of 
dispersal’, defined by the same boundaries as Wallace.  Muller (1973) reduced the ‘Guianan 
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centre’ to only include the lowland forests of Guyana, Surinam, French Guiana, and Amapá, in 
Brazil, whereas Cracraft (1985) defined its limits more precisely as bounded by the Amazon 
River to the south, and the highlands of Guyana and south-eastern Venezuela to the west, 
recognizing that several species extended further westward, “some as far as the Rio Negro and 
the southern border of the Venezuelan highlands”.  
 
 
Figure 2.1. General location of the Guiana Shield (outlined) in northern South America, as 
defined by the conservation priority-setting workshop (Conservation International, 2003), 
available on-line at http://www.guayanashield.org.  General location of landscape features 
mentioned in the text: 1. Lower Rio Negro; 2. Middle Rio Negro; 3. Upper Rio Negro; 4. Upper 
Rio Orinoco; 5; Sierra de Parima; 6. Río Caura; 7. Rio Paragua; 8. Río Caroni; 9. Sierra de 
Lema; 10. Gran Sabana; 11. Roraima-Rupunnuni savannas. 
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Selection of Taxa 
The Guiana Shield is home to nearly 1,000 species of resident birds (Conservation 
International, 2003).  Of these, ~ 400 taxa (including species and subspecies) are endemic or near 
endemic to the region (Naka, unpublished data).  To avoid confounding different factors, I 
restricted my analyses to species that are mainly restricted to the primary habitat type of the 
region: lowland terra firme forest, excluding species that occupy other habitats, such as 
savannas, white-sand, dry, flooded, or montane forests.  I defined Guianan endemics as those 
taxa that do not occur south of the Amazon River and west of the Rio Negro.  Technically, taxa 
occurring west of the Rio Negro could still be considered Guiana Shield endemics (in geological 
terms), yet the ‘Negro-Solimões’ interfluvium has traditionally been considered part of the Napo 
or Imeri areas of endemism (Cracraft, 1985), and more recently as an endemic area on it own, the 
Negro area of endemism (Borges, 2007). Therefore, a taxon found throughout the Guiana Shield 
would occur in at least two areas of endemism and would no longer be a ‘Guianan endemic’.  
I created a preliminary list of endemic taxa (species and subspecies) based on distributional 
data from the ornithological literature, including the works of Hellmayr (1929-1938), Peters et 
al., (1931-1986), Zimmer (1933-1944), Hellmayr & Conover (1942-1949), Pinto (1978), and 
more recent works such as del Hoyo et al., (Vols. 1-12, 1992-2008), but the final inclusion of a 
given taxon was based on the most updated taxonomic revision available (Remsen et al., 2010).  
The use of subspecies in biogeography is controversial because some subspecies may not 
represent independent evolutionary units (McKitrick & Zink, 1988; Phillimore & Owens, 2005). 
Most subspecies included in this study, however, represent well-defined, diagnosable units, and 
many of them may merit species-level rank under the biological species concept.  Under other 
species concepts, such as the phylogenetic species concept, all diagnosable taxa merit species-
status.  Therefore, I decided to use described taxa (whether they represent species or subspecies) 
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as study units.  Described subspecies from the Guiana area of endemism that were not 
unambiguously diagnosable, or had too few samples to create distributional maps, were excluded 
from analyses (see Appendix A).  
Distribution Data 
I created distribution maps for each taxon based on a large distributional database assembled 
from museum specimens, published sources, audio recordings, and my own fieldwork in the 
region.  I obtained data from many institutions, including the Instituto Nacional de Pesquisas da 
Amazônia (INPA) and Museu Paraense Emílio Goeldi (MPEG), for Brazil; Colección 
Ornitológica Phelps (COP) and Colección Biológica Rancho Grande (CBRG), for Venezuela; 
United States National Museum of Natural History (NMNH), for Guyana; Instituto Humboldt 
and Project BIOMAP (which includes collections from several sources, such as the Instituto de 
Ciencias Naturales, ICN) for Colombia (see BIOMAP homepage for details, 
http://www.biomap.net); the American Museum of Natural History (AMNH), Field Museum of 
Natural History (FMNH), and the Museum of Natural Science at the Louisiana State University 
(LSUMZ) for several countries.  I also included a database for the Brazilian State of Roraima 
(Naka et al., 2006), which includes specimens and published locality data from 11 institutions 
and 78 published sources, respectively.  Finally, I used S. Hilty’s databases for Venezuela (Hilty, 
2003) and M. Isler’s unpublished database for the Thamnophilidae.  Most data were already 
georeferenced, but when geographic coordinates were not available I used national gazetteers 
(Paynter & Traylor, 1982, 1991; Paynter et al., 1981) to obtain geographic coordinates as 
accurately as possible.  Between 2001 and 2008 I conducted extensive fieldwork in the region, 
conducting general avian surveys, collecting specimens, and recording vocalizations.  These 
specimens and recordings were deposited at the INPA bird collection and the Amazonian Sound 
Archive (ASA).  At present, the distributional database contains ~ 28,000 entries.   
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Subspecies identification from collections require careful revision (Graham et al., 2004).  
Given the large amount of data, it was not feasible to positively verify every specimen.  I focused 
on examining specimens in Brazil (INPA and MPEG) and Venezuela (COP and CBRG).  
Curators and collection managers from several institutions kindly reviewed specimens under 
their care.  I visually checked for potential errors by studying individual maps, paying particular 
attention to records located at the edge of the distributions, where western allotaxa could be 
present and generate identification mistakes.  I built a database using Microsoft Access 2007, and 
generated maps by importing georeferenced locality data into ArcView 9.3.1 (Environmental 
Systems Research Institute, 2009).   
Avian Distribution Patterns and Boundaries of the Guiana Area of Endemism 
To investigate distribution patterns and to define the geographic boundaries of the Guiana 
area of endemism, I used avian range maps and community composition data to: i) search for 
common patterns among individual distributions, and ii) to build a hotspot map of endemic 
species richness in the region.  Range maps were built by connecting point localities with the 
minimum convex polygon method (Swenson, 2008), using a maximum buffer of 50 km to 
enclose forested areas around those points, except when such buffers would traverse a potential 
barrier.  To build the endemic taxa richness map, individual polygons were converted into raster 
files, and these were overlaid using the ArcGIS Spatial Analyst Extension through the raster 
calculator in ArcView 9.3.1 (Environmental Systems Research Institute, 2009).  Geographic 
boundaries were proposed based on the areas that contained 25%, 50%, and >75% of endemics.  
I used the 50% threshold as the value to define boundaries of the Guiana area of endemism. 
Community composition data were analyzed using nonmetric Multidimensional Scaling 
(MDS), an ordination method used to explore similarities within a dataset and to illustrate 
clustering and regional transitions (Conran, 1995; Proches & Marshall, 2001).  To run the MDS, 
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I compiled a presence/absence data matrix for 34 different localities (Table 2.1) spanning ~2,500 
km from Amapá to the Andean foothills (Fig. 2.2).  Each locality was characterized by the 
presence or absence of 181 taxa (see Appendix B), including Guianan endemics and their 
western allotaxa, when present.  Widespread taxa were excluded because they would be 
uninformative in these analyses.  Data from these 34 sites were obtained form different sources, 
including my own fieldwork, published data, unpublished data provided by colleagues, web 
sources, and museum specimens (Table 2.1).  When specimens from a given locality were not 
available, I used specimens from nearby localities to determine subspecies.  To quantify 
composition similarity among localities I used a modified Jaccard distance (Jm) proposed by 
Patten & Smith-Patten (2008), where Jm = 100 - [!A"B!/!A#B!] x 100 x [!B!/!A!], with ‘A’ 
representing a site with a set of species, ‘B’ another site with another set of species, ‘"’ the 
species in common between the sites, and ‘#’ the addition of all species.  Jaccard's distance is 
well suited for presence/absence data (Birks, 1987; Patten & Smith-Patten, 2008).  The 
correction implemented by Patten & Smith-Patten (2008) deals with false absences.  This is 
necessary because some of the localities used in the analyses represent heavily collected and 
well-known areas, whereas others were only studied during short surveys.  For the latter cases, 
some absences (0 in the matrix) may represent false negatives. 
I used point localities, rather than grids, because in a region as heterogeneous as the Guiana 
Shield (with mountains, savannas, flooded and white-sand forests), large cells would probably 
not include comparable areas of terra firme forest, whereas many randomly located small cells 
would have few or no samples.  The use of point localities also allows the inspection of nearby 
sites as independent units, which are useful to evaluate the role of physical barriers (see below).  
The ordination analysis was performed in R (R Core Development Team, 2008) using the 
isoMDS function in the ‘Mass’ library (Venables & Ripley, 2002), with 25 iterations using 
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different random initial configurations to minimize the stress due to local optima.  The Jaccard 
function of the ‘Prabclus’ library (Hennig & Hausdorf, 2008) was adapted for computing the 
modified Jaccard distance.  
 
 
Figure 2.2.  Map of northern South America showing localities at which bird composition data 
were gathered (see Table 2.1 for locality names) and output results from the BARRIER analysis. 
Polygons around each locality represent Voronoi tessellations and lines connecting the points are 
the Delaunay triangulations. Darker lines represent the barriers found, with line width 
proportional to their relative strength, according to their bootstrap support (see Table 2 for 
average values). 
 
Identification of Biogeographical Barriers 
I used Monmonier’s Maximum Difference Algorithm (Monmonier, 1973) as implemented in 
BARRIER v. 2.2 (Manni et al., 2004) to determine the location of major biogeographical barriers 
in the region.  Monmonier’s algorithm identifies boundaries from a distance matrix from specific 
localities.  For this analysis, I employed the same 34 localities and the modified Jaccard distance 
matrix as used for the ordination analysis.  In BARRIER, localities are mapped using an x,y 
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coordinate system (i.e., decimal degrees).  A series of polygons are created around each point 
(Voronoi tessellations), and from them, the algorithm builds Delaunay triangulations connecting 
adjacent points on a map (see Fig. 2.2). The distance (dissimilarity) matrix is mapped onto the 
triangulation such that each pair of localities has an associated distance.  Monmonier’s algorithm 
then builds biogeographical boundaries, beginning with the maximum pairwise distance and 
continuing until i) the edge of the map is hit, ii) a loop is formed, or iii) a previously computed 
barrier is reached (Manni et al., 2004). A great advantage of this program is that it allows the use 
of a bootstrap method to determine the relative strength of the barriers identified.  I used a 
specific function in R (R Core Development Team, 2008) to resample, with replacement, species 
within each site and to generate 100 pseudoreplicate matrices. For a more detailed description of 
Monmonier’s algorithm and its implementation in BARRIER see Manni et al. (2004).  
RESULTS 
I identified 90 avian taxa (25 species and 65 subspecies representing 28 families) as endemic 
to terra firme forests of the Guiana area of endemism (Table 2.2).  Avian families with the 
highest number of representatives are Thamnophilidae (17 endemic taxa), Dendrocolaptidae 
(11), Tyrannidae (9), Picidae (5), and Ramphastidae (5). Another 24 taxa that are possible 
endemics were not included in the analyses because of poor sampling (8 taxa) or uncertain 
taxonomic status (16 taxa) (subspecies identification was ambiguous with the material studied) 
(see Appendix A). 
An endemic taxa richness map of individual ranges showed that the number of endemic taxa 
drops consistently towards the west (Fig. 2.3).  All endemic taxa occur in the forests east of the 
Rio Branco, whereas less than half occurs west of this river.  Therefore, the Amazon River, 
lower Rio Negro, and Rio Branco and its associated savannas (Roraima-Rupunnuni and the Gran 
Sabana) seem to define well the boundaries of the Guiana area of endemism for birds.  Further 
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north, the Río Caroni and Sierra de Lema also coincide with the boundaries of many bird species 
(Fig. 2.3).   
 
Table 2.1. Localities from which species lists of avian taxa were gathered for the analyses (see 
geographic location in Fig. 2.2). 
No. Locality Sources 
1 Brazil: Amapá, Porto Grande C.A. Marantz and M. Cohn-Haft (in litt.) 
2 Brazil: Amapá and Pará, Jari Barlow et al. (2007) 
3 French Guiana: Nouragues field station Thiollay (1994) 
4 
Brazil: Amapá, Parque Nacional Montanhas do 
Tumucumaque  Bernard (2008) 
5 Suriname: Brownsberg J.H. Ribot (http://webserv.nhl.nl/~ribot/) 
6 Suriname: Raleigh falls/Voltzberg J.H. Ribot (http://webserv.nhl.nl/~ribot/) 
7 Guyana: Iwokrama Forest Reserve Ridgely et al.  (2005) 
8 Guyana: Acary Mountains Robbins et al. (2007) 
9 Guyana: West Kanukus Parker et al. (1993) 
10 Brazil: Amazonas, Manaus Cohn-Haft et al. (1997), Naka (2004).  
11 Brazil: Roraima, Parque Nacional do Viruá Naka (unpubl.) 
12 Venezuela: Bolívar, Reserva Florestal Imataca  COP database 
13 Brazil: Roraima, Caracaraí Naka et al. (2006), Naka (unpubl.) 
14 Brazil: Roraima, Estação Ecológica Maracá  Silva (1998), Naka (unpubl.) 
15 Venezuela: Bolívar, El Paují Crease (2009), Naka (unpubl.) 
16 Brazil: Amazonas, Rio Demeni/Aracá C. Ribas and R. Gaban (in litt.), Naka (unpubl.) 
17 Venezuela: Bolívar, Cerro Guaiquinima COP database 
18 Brazil: Amazonas, Campina do Rio Preto  Naka (unpubl. data) 
20 
Brazil and Venezuela: Amazonas, Serra do 
Tapirapecó  
 Naka and M. Cohn-Haft (unpubl.), AMNH 
database  
21 Brazil: Amazonas, Rio Marauia Naka (unpubl.) 
19 Venezuela: Bolívar, lower Río Caura COP database 
22 Venezuela: Amazonas, Cerro de la Neblina Willard et al. (1991), COP database 
23 Venezuela: Amazonas, Campamento Junglaven Zimmer & Hilty (1997) 
24 Venezuela: Amazonas, San Carlos del Rio Negro COP database 
25 
Brazil: Amazonas, São Gabriel da Cachoeira (east 
bank) Naka (unpubl.) 
26 Venezuela: Amazonas, Yavita-Pimichin COP database 
27 
Brazil: Amazonas, São Gabriel da Cachoeira (west 
bank) Naka (unpubl.) 
28 Brazil: Amazonas, Manacapuru 
C. Ribas, F. Horta and R. Gaban (in litt.), and C.A. 
Marantz (in litt.) 
29 Brazil: Amazonas, Parque Nacional do Jaú   Borges et al. (2001), Naka (unpubl.) 
30 
Brazil: Amazonas, Reserva de Desenvolvimento 
Sustentavel Amanã  Naka and M. Cohn-Haft (unpubl.) 
31 Brazil: Amazonas, Estação Ecológica Juami-Japura  M. Cohn-Haft (in litt.) 
32 Colombia: Vaupés, Mitú 
D. Calderón (in litt.), BIOMAP, COP and MPEG 
databases 
33 
Colombia: Caquetá and Guaviare, Parque Nacional 
Natural Serranía de Chiribiquete Álvarez et al., (2003), BIOMAP database 
34 Colombia: Meta, Parque Nacional Tinigua  Cadena et al., (2000), BIOMAP database 
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Figure 2.3.  Endemic taxa richness map based on 88 taxa. White dashed line represents the 50% 
threshold overlap point, and the delimitation of the Guiana area of endemism suggested in this 
study.  Darker colours represent areas with higher number of endemic taxa. 
 
A two-dimensional multidimensional scaling (MDS) ordination (stress = 5.02) illustrates 
that terra firme forests of the Guiana Shield (as a geomorphological unit) contain two distinct 
avifaunas, divided roughly by the Rio Negro (Fig. 2.4).  Bird species composition east of the Rio 
Branco, and west of the Rio Negro appears to be quite homogeneous.  Localities within the 
Branco/Negro interfluvium, however, seem to represent a large transitional zone between the two 
former areas (Fig. 2.4).  
The Monmonier’s algorithm identified 10 putative barriers for the Guianan avifauna within 
the Guiana Shield (Table 2.3).  These barriers coincide with known physical features of the 
landscape, strongly suggesting a causal effect.  The barriers include five rivers, two savannas, 
and two mountain ranges.  According to these analyses, the Rio Branco represents the second-
most important barrier for birds within the Guiana Shield, second only to the lower Rio Negro. 
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Table 2.2. List of 90 taxa endemic to the Guiana area of endemism.  Those taxa with trinomials 
indicate that the endemic taxon is currently recognized as a subspecies (65 taxa), whereas 
binomials indicate a species-level recognition (25 taxa).  The distribution pattern refers to the 
general location of its western boundary (B: Rio Branco, BN; Branco/Negro interfluvium; N: Rio 
Negro).  Physical boundaries indicate the specific barrier that seems to coincide with the western 
edge of their distributions. 
Avian Family Endemic taxon1 Dist. patt.3 Physical boundaries4 
Cracidae Penelope m. marail1 BN B-Río Caura 
Psophidae Psophia c. crepitrans N N-Orinoco 
Psittacidae Pyrrhura p. picta BN N-Orinoco 
 Brotogeris c. chrysoptera BN BN-Orinoco 
 Pyrilia caica B B-Río Caura 
Trochilidae Topaza p. pella BN BN-Sierra Parima 
 Phaethornis s. superciliosus N N-Orinoco 
 Thalurania f. furcata1 BN BN-Orinoco 
Trogonidae Trogon r. rufus BN BN-Sierra Parima 
Momotidae Momotus m. momota N N-Orinoco 
Galbulidae Galbula a. albirostris BN B-RR-GS-Orinoco 
 Galbula d. dea B B-RR-Caroni 
Bucconidae Notharchus m. macrorhynchos B B-RR-GS- Río Caura 
 Monasa atra N N-Orinoco 
Capitonidae Capito niger B B-RR-GS-RC-Sierra de Lema 
Ramphastidae Ramphastos t. tucanus BN BN-Upper Orinoco 
 Ramphastos v. vitellinus BN BN-Upper Orinoco 
 Selenidera culik BN BN (Araca)-Caroni 
 Pteroglossus viridis N N-Orinoco 
 Pteroglossus aracari nigricollis B B-Caura/Orinoco 
Picidae Veniliornis cassini BN BN (C de la Neblina)-Alto Orinoco 
 Piculus f. flavigula N N-Orinoco 
 Celeus u. undatus1 B B-RR-GS-RC 
 Celeus e. elegans1 B B-RR-GS-RC-Sierra de Lema 
 Celeus t. torquatus BN BN-Río Caura 
Furnariidae Synallaxis rutilans dissors N N-Orinoco 
 Automolus infuscatus cervicalis B B-RR-RC 
 Automolus rubiginosus obscurus B B-RR 
 Xenops minutus ruficaudus N N-Orinoco 
Dendrocolaptidae Dendrocincla f. fuliginosa B B-GS-RC-Sierra de Lema  
 Dendrocincla m. merula B B-RR-GS 
 Deconychura l. longicauda  B B-RR-GS-Paragua 
 Sittasomus griseicapillus axillaris BN BN-Alto Orinoco/Ventuari 
 Glyphorynchus s. spirurus B B-RR-Paragua 
 Hylexetastes perrotii BN BN (Maracá)-RC-Sierra de Lema 
 Dendrocolaptes c. certhia N N-Orinoco 
 Dendrocolaptes p. picumnus N N-Orinoco 
 Xiphorhynchus pardalotus1 N N-Orinoco 
 Xiphorhynchus guttatus polystictus BN BN-Orinoco/Ventuari 
 Lepidocolaptes a. albolineatus B B-RR-GS- RC-Sierra de Lema 
Thamnophilidae Cymbilaimus l. lineatus B B-RR-GS- RC-Sierra de Lema 
 Frederickena viridis BN BN (Aracá)-Caura 
 Thamnophilus amazonicus divaricatus B B-RR-GS-RC-Sierra de Lema 
 Epinecrophylla gutturalis B B-RR-GS-RC 
 Myrmotherula guttata N N-Orinoco 
 Myrmotherula a. axillaris BN BN (Aracá)-Ventuari 
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(Table 2.2 con’d.) 
Avian Family Endemic taxon1 Dist. patt.3 Physical boundaries4 
Thamnophilidae Myrmotherula m. cinereiventris B B-RR-GS-Paragua 
 Herpsilochmus stictocephalus  Trombetas-GS-Sierra de Lema 
 Hypocnemis cantator1  B B-RR-GS-RC 
 Cercomacra cinerascens immaculata B B-RR-GS-RC 
 Cercomacra tyrannina saturatior BN BN-Alto Orinoco-Cuchivero 
 Percnostola rufifrons1 B B-RR-GS-Upper Essequibo 
 Schistocichla l. leucostigma B B-RR-GS-RC-Sierra de Lema 
 Myrmeciza f. ferruginea B B-RR-GS-RC-Sierra de Lema 
 Pithys a. albifrons N N-Orinoco 
 Gymnopithys rufigula1 N N-Orinoco 
 Willisornis p. poecilinotus BN BN (Demeni)-upper Orinoco 
Grallaridae Grallaria v. varia B B-RR-GS-RC-Sierra de Lema 
 Hylopezus m. macularius B B-RR-GS-RC-Sierra de Lema 
 Myrmothera c. campanisona B B-RR-GS-RC-Sierra de Lema 
Conopophagidae Conopophaga a. aurita B B 
Tyrannidae Zimmerius acer5 BN BN (Aracá)-upper Orinoco 
 Lophotriccus vitiosus guianensis B B-Essequibo 
Tyrannidae Hemitriccus zosterops rothschildi6 B B-RR-GS 
 Todirostrum pictum N N-Orinoco 
 Tolmomyias assimilis examinatus B B-RR-RC 
 Platyrinchus coronatus gumia BN BN- Sierra Parima- Río Caura 
 Onychorhynchus c. coronatus N N-Orinoco 
 Terenotriccus e. erythrurus BN BN-RC-Sierra de Lema 
 Neopipo cinnamomea helenae B B-Guyana 
Pipridae Tyranneutes virescens B B-RR-GS- RC 
 Lepidothrix serena B B-RR-GS-Guyana 
 Chiroxiphia pareola pareola BN BN-(Aracá)-Paragua/Río Caura 
 Corapipo gutturalis N N-Orinoco 
Tityridae Schiffornis turdina olivacea  B B-RR-GS-Guyana 
 Iodopleura fusca BN BN (Maracá)-RC 
Insertae sedis Piprites chloris chlorion N N-Orinoco 
Vireonidae Hylophilus m. muscicapinus N N-Orinoco 
 Hylophilus ochraceiceps luteifrons B B-RR-GS-RC 
Corvidae Cyanocorax cayanus B B- Río Caura 
Troglodytidae Microcerculus b. bambla B B-RR-GS-RC-Sierra de Lema 
 Pheugopedius c. coraya B B-RR-GS-RC 
 Cyphorhinus a. arada1 BN BN (Maracá)-RC 
Polioptilidae Polioptila g. guianensis B B-RR-GS 
Thraupidae Tachyphonus s. surinamus BN BN (Aracá)-upper Orinoco 
 Tangara m. mexicana B B-RR-GS-Guyana 
 Cyanerpes c. caeruleus BN BN (Rio Cauaburi)-Sierra Parima 
 Hemithraupis f. flavicollis B B-RR-GS- RC -Sierra de Lema 
Parulidae Phaeothlypis rivularis mesoleuca N N-Orinoco 
Fringillidae Euphonia cayennensis B B-RR-GS- RC 
1 Includes two endemic subspecies (see Appendix B). 
2 Coarse western boundary of each endemic taxon: RR: Roraima-Rupunnuni savannas; GS: Gran Sabana; RC: Río 
Caroni; areas in parenthesis after BN represent likely barriers within the Branco/Negro interfluvium. 
5 Z. acer occurs in NE Brazil, but its stronghold remains within the Guianan area of endemism 
6 The form rothschildi has been considered valid by Cohn-Haft (2000), based on molecular and vocal data (2000).  
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Whereas the Rio Branco seems to represent a significant barrier to many avian taxa, the 
savannas north of the Branco appear to be more permeable than the river.  At least four taxa 
bounded by the Rio Branco do bridge the Roraima-Rupunnuni savannas, whereas seven have 
populations on both sides of the Gran Sabana.  Similarly, at least seven taxa with distributions 
bounded by the Rio Branco occur west of the Río Caroni, two of which appear to be bounded by 
the Río Paragua and five by the Río Caura in Venezuela. 
Despite representing a single area of endemism, Guianan endemics do not share a single 
geographic distribution towards the west, and show at least three distinct distribution patterns: i) 
taxa limited by the Rio Branco and its associated savannas (42 taxa); ii) taxa bounded by the 
Negro and Orinoco Rivers, coinciding with the Venezuelan-Colombian border (21 taxa); and iii) 
taxa that occur west of the Rio Branco and the savannas, but do not reach the upper Rio Negro or 
the Orinoco (27 taxa).  One endemic taxon (Herpsilochmus stictocephalus) does not reach the 
Rio Branco from the east, where it is replaced by its allotaxon H. dorsimaculatus. 
 
 
Table 2.3. Main physical barriers identified as biogeographically important for birds in the 
Guiana Shield.  Average bootstrap support is the number of times a barrier appeared in BARRIER, 
using resampled data matrices.  The number of endemic taxa bounded by each barrier was 
independently assessed with individual taxon maps (Table 2.1). 
Putative barrier 
Ave. bootstrap value 
(100 reps.) No. of taxa delimited 
Lower Rio Negro 100 86 
Rio Branco 97.16 41 
Roraima-Rupunnuni savannas 96.5 36 
Middle Rio Negro 87.25 32 
Río Caroni 66.5 30 
Gran Sabana and Sierra de Lema 65 34 and 16 
Upper Rio Negro 55.5 18 
Sierra de Parima 45.2 12 
Río Caura 38.5 8 
Upper Orinoco 35.66 8 
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Figure 2.4.  Multidimensional scaling (MDS) ordination of the 34 localities analyzed, according 
to their differences in bird species composition (modified Jaccard distance for presence/absence 
data). Localities are numbered as in Table 2.1.  Localities 1-12 are located east of the Rio 
Branco, and its associated savannas (a); localities 13-26 are located within the Branco/Negro 
interfluvium (b); and localities 27-34 are located west of the Rio Negro (c). 
 
DISCUSSION 
The delimitation of areas of endemism is a central issue in historical and descriptive 
biogeography, and several methods have been applied recently to define these areas in a more 
objective way than Wallace could have done 150 years ago (Morrone, 1994; Harold & Mooi, 
1994; Mast & Nyffeler, 2003).  Amazonian areas of endemism have already been identified and 
described, but their coarse boundaries remain as preliminary as when they were formally 
proposed 25 years ago (Cracraft, 1985).  The role of large rivers in defining animal distributions 
has apparently made detailed distributional studies seem less critical in Amazonia than in other 
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regions, because they remain as default explanations for most distribution patterns.  The present 
study suggests otherwise.  Not only is it likely that many of their limits need to be redrawn, but 
entire areas of endemism may not be well supported for birds (Borges et al., 2001; Borges, 2007) 
or other organisms (Racheli & Racheli, 2004).  
The role of large rivers has been critical in the biogeographic history of Amazonia 
(Capparella, 1991; Haffer, 1992).  My analyses, however, reveal that minor barriers (medium-
size rivers, savannas, and mountain ranges) also define boundaries of an area of endemism.  
Distribution maps revealed that Guianan endemics show at least three distinct distributional 
patterns (Table 2.2), suggesting a shared effect of different barriers on phylogenetically 
independent taxa with disparate ecological requirements and unequal dispersal abilities.  Some 
endemic taxa, however, have species-specific distribution patterns, whose boundaries do not 
appear to coincide with physical barriers.  In these cases, ecological interactions with closely 
related taxa, rather than physical barriers, may play a significant role in boundary delimitations 
(Naka, unpublished data) 
This study represents one of the first attempts since Haffer (1969, 1974) and Cracraft (1985) 
to quantify the distribution patterns of an entire endemic Amazonian avifauna.  Although some 
individual patterns may change with further sampling, I predict that general patterns described 
here are robust.  Geographic Information Systems, easier access to distant field sites, and more 
complete sampling allow studying avian distributions at a level of detail not possible in the past.  
I expect that similar studies of other areas of endemism may expose the importance of minor 
barriers for birds and unveil different patterns within apparently homogeneously distributed 
avifaunas.  Recent fieldwork in the Rio Madeira basin showed that small rivers, such as the Rio 
Aripuanã, also represent barriers to birds, a phenomenon called ‘mini-interfluves’ by Cohn-Haft 
et al. (2007).  Also, focusing on taxa restricted to habitats other than terra firme forest, such as 
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savannas, flooded, or white-sand forests, may prove to be fruitful avenues of research in terms of 
revealing novel patterns of endemism (Naka et al., 2007, Cohn-Haft et al., 2008).   
Guianan Endemics and the Utility of Amazonian Areas of Endemism 
In this study, I identified 90 avian taxa as endemic to the lowland terra firme forest of the 
Guiana area of endemism.  Previous estimates for this area of endemism identified 47, 34, and 60 
avian taxa by Haffer (1974), Cracraft (1985), and Nores (1999), respectively.  The difference 
between these previous studies and the current one is even greater than these numbers suggest, 
because I excluded nearly half of the taxa noted by previous authors because they were more 
typical of habitats other than terra firme forest, such as savannas, white-sand, or dry forests.  
Also, some taxa previously considered endemic (e.g. Pachyramphus surinamus, Cotinga 
cotinga, Haematoderus militaris, Cyanicterus cyanicterus and Periporphyrus erythromelas), are 
more widespread than previously thought (e.g., Stotz et al., 1997) and occur outside this area of 
endemism.  The reason why I identified more endemic taxa than previous studies seems to 
simply be the result of a more exhaustive search, suggesting the need to apply the methods used 
here to other areas of endemism.  
Identification of areas of endemism is important for historical biogeography and conservation 
biology (Linder, 2001).  If the main goal is to identify regions with a common history, the 
inclusion of species from different habitats should be avoided.  The endemic taxa of the Guiana 
area of endemism suggested by previous authors encompassed habitats with contrasting 
geological histories.  For example, when a forest interior species undergoes a population 
contraction, a savanna species could be experiencing a population expansion (Haffer, 1969).  
Although the hypothesis of areas of endemism as areas of common diversification in Amazonia 
has not been well tested, the inclusion of taxa from different habitats under a single area of 
endemism is likely to create composite areas that may obscure any possible historical event that 
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could be revealed by study of taxa with a common history.  Similarly, it is useful to distinguish 
between narrow and broad endemics.  Species with abnormally small distributions not shared by 
other taxa are also likely to have had an idiosyncratic history that may not add towards the 
understanding of areas of endemism, and should therefore be analyzed separately (Stott, 1981). 
I suggest that Amazonian areas of endemism, as defined today, are only useful because of the 
apparent simplicity of having large rivers defining them, rather than because of a careful analysis 
of endemic taxa species composition in each area.  If we are to find common histories and 
phylogeographic patterns, we should first define properly the boundaries, extent, and species 
composition of all areas of endemism.  Bates et al. (1998) suggested that too much emphasis has 
been placed on finding evolutionary processes when general patterns remain poorly understood.  
This study represents an attempt to describe patterns more accurately, and similar studies should 
be conducted in other areas of endemism. 
The Role of Physical Barriers and Boundaries of the Guiana Area of Endemism 
All evidence presented here suggests that the Rio Branco and its associated savannas act as 
significant barriers to avian dispersal in the Guiana Shield, representing the most natural 
boundary for the Guiana area of endemism.  This configuration is consistent with that suggested 
by Cracraft (1985), who despite presenting relatively similar boundaries did not mention 
specifically the Rio Branco or the savannas.  Recent publications continue to depict the Guiana 
area of endemism as bounded by the Amazon River to the south and the Rio Negro and Orinoco 
to the west, just as Wallace suggested in 1852 (e.g., Bates et al., 1998; Nores, 1999; Silva et al., 
2005).  This is hardly surprising, given that many Guianan endemics, as acknowledged by 
Cracraft (1985), do reach the Orinoco and upper Rio Negro.  Despite this apparent ambiguity, the 
Branco/Negro interfluvium holds both eastern and western elements, and should not be included 
within the Guiana area of endemism. 
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Monmonier’s algorithm provides a powerful tool for identifying biogeographical barriers 
(Kidd & Ritchie, 2006; Patten & Smith-Patten, 2008).  This algorithm revealed that the Rio 
Branco represents a major barrier for birds in the Guiana Shield, second only to the lower Rio 
Negro, the third-largest Amazonian river (Goulding et al., 2003).  Individual range maps support 
this finding in showing that at least 42 taxa are bounded by this river, positioning the Rio Branco 
within the top five most important Amazonian rivers in terms of biogeographical importance to 
birds (together with the Amazon, the lower Negro, the Madeira, and the Tapajós).  
Although the Rio Branco is relatively small by Amazonian standards (it ranks 18th among 
the 20 longest Amazonian rivers (Goulding et al., 2003), and at least 12th in discharge volume 
(Ferreira et al., 2007)), it possesses several features that possibly enhance its effect as a 
biogeographical barrier.  First, like other Amazonian rivers, the Rio Branco has relatively large 
floodplains and flooded forests along its banks, which also act as dispersal barriers to terra firme 
forest species (Remsen & Parker, 1983; Naka et al., 2007).  Second, the Rio Branco lies in a very 
ecologically heterogeneous region, which could directly affect avian dispersal patterns by 
diminishing opportunities for dispersal (Naka et al., 2006).  Finally, the Branco headwaters are 
located within the Roraima savannas, which also act as barriers to terra firme birds. Therefore, 
the Rio Branco in conjunction with the flooded forests and the savannas at its headwaters 
collectively represent an effective barrier for terra firme birds.  West of the Rio Branco other 
barriers seem to play a role, including the Sierra de Parima, the Paragua, and the Caura Rivers.   
Monmonier’s algorithm detected the differential effect of different sections of the Rio Negro 
as biogeographical barriers, showing the diminishing power of this river along a gradient from its 
mouth towards the headwaters.  Wider portions of Amazonian rivers represent stronger barriers 
to animals than their narrower headwaters (Beven et al., 1984; Ayres & Clutton-Brock, 1992; 
Haffer, 1992; Hayes & Sewlal, 2004).  In the case of the Rio Negro, however, the weakening of 
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the barrier shown by Monmonier’s algorithm seems to be a consequence of filters for dispersal 
preventing Guianan endemics to reach the Rio Negro headwaters. 
Ecological and Biogeographical Importance of Transition Zones 
The longstanding view of the Amazon Basin as constituting a mosaic of parapatric areas of 
endemism delimited by major rivers appears to be an oversimplification of the biogeographic 
patterns.  Delimiting the Guiana area of endemism by the Rio Branco and its associated savannas 
results in the Branco/Negro interfluvium being outside any formal area of endemism.  This 
region can be characterized as a large transition zone between two distinct avifaunas –one that 
occurs east of the Rio Branco and the other, west of the Rio Negro. That several contact zones 
occur within the interfluvium, away from major rivers (Haffer, 1974), illustrates the importance 
of the region as a transitional zone between areas of endemism that flank the interfluvium.  
The conservation importance of transition zones has been debated (Brooks et al., 2001; Smith 
et al., 2001; Araújo, 2002), but the ecological and biogeographical interest of such areas is 
undisputed. By definition, transition zones should represent areas of high species richness and 
beta and gamma diversity (Odum, 1971), but there has been debate concerning whether this is 
the result of the overlap of two or more biogeographic assemblages along boundaries, or whether 
these regions also hold high concentration of rare or endemic species (Araújo & Williams, 2001; 
Kark et al., 2007).  In the case of the Branco/Negro, the absence of endemics in the interfluvium 
supports the idea that its high species richness comes from species turnover.  This does not 
devalue the evolutionary importance of this region, because it harbors a disproportionately high 
number of contact zones and phylogeographic breaks (Naka unpublished data).  Transition zones 
represent natural laboratories for taxonomic, evolutionary, and ecological studies (Hewitt, 1988; 
Schilthuizen, 2000; Spector, 2002), and the Branco/Negro interfluvium, seems to represent a  
hotspot of evolutionary processes for birds.
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CHAPTER 3 
 
THE ROLE OF RIVERS IN GENERATING AND MAINTAINING AVIAN 
DIVERSITY IN THE RIO NEGRO BASIN: A COMPARATIVE 
APPROACH 
 
“During my residence in the Amazon district I took every opportunity of determining the 
limits of species, and I soon found that the Amazon, the Rio Negro and the Madeira 
formed the limits beyond which certain species never passed. The native hunters are 
perfectly acquainted with this fact, and always cross over the river when they want to 
procure particular animals, which are found even on the river's bank on one side, but 
never by any chance on the other. On approaching the sources of the rivers they cease to 
be a boundary, and most of the species are found on both sides of them. Thus several 
Guiana species come up to the Rio Negro and Amazon, but do not pass them… In going 
up the Rio Negro the difference in the two sides of the river is very remarkable.” 
Alfred Russel Wallace (1852) 
 
“I do not mean to say that Amazonian rivers were unimportant, but they appear to have 
been overrated as barriers.” 
Jürgen Haffer (1997a) 
 
 
INTRODUCTION 
One of the most striking features of the Amazon basin is that some large rivers define the 
distributions of many animal taxa, particularly among birds and monkeys.  These rivers separate 
the ranges of phenotypically distinct populations of closely related taxa, which are either 
recognized as different subspecies or species pairs.  This biogeographical pattern was first 
described by Wallace (1852) and later acknowledged by many naturalists, biogeographers, and 
evolutionary biologists (Bates, 1863; Snethlage, 1913; Mayr, 1942; Sick, 1967), and continues to 
captivate contemporary biologists (Hershkovitz, 1977; Capparella, 1988; Ayers & Clutton-
Brock, 1992; Haffer, 1992; Colwell, 2000; Gascon, 2000; Moritz et al., 2000; Aleixo, 2002).   
Not surprisingly, rivers were considered the main cause of speciation in the first 
diversification model proposed to explain Amazonian species richness.  Although Wallace 
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himself did not explicitly put forward what is now known as the ‘riverine barrier hypothesis’, it 
is believed that he saw rivers as sources of speciation, as he often cited them (Wallace, 1876) 
when discussing barriers to dispersal in what would later become the modern model of vicariant 
cladogenesis (Colwell, 2000).  Under the ‘riverine barrier hypothesis’, the formation of the 
extensive Amazonian river system induced speciation in forest-dwelling animals by fragmenting 
their ranges and preventing gene flow between once-continuous populations (Sick, 1967; 
Hershkovitz, 1977; Capparella, 1988).  Although it represented a compelling idea to explain 
current patterns of differentiation and distribution, it rapidly lost prominence with the proposal of 
Haffer’s (1969) ‘Pleistocene refugia hypothesis’.  Not only did Haffer provide an elegant 
mechanism that could be applied to any region in the world, but he also argued that rivers were 
barriers to secondary contact, rather than the original causes of speciation.  An alternative 
proposed by Ayres (1986), and later supported by Ayres & Clutton-Brock (1992) and Capparella 
(1991), was that whereas the broad lower courses of several rivers isolated animal populations 
(as stated by the ‘riverine barrier hypothesis’), the forests in the headwaters (often at the 
periphery of the Amazonian forest) contracted during glacial periods isolating populations in 
‘semi-refugia’ away from the headwaters.  This hypothesis was later designated as the ‘river-
refuge hypothesis’ by Haffer (1992, 1993), because it combined aspects of the ‘riverine- barrier’ 
and ‘refuge’ hypotheses of diversification.  An expert on avian distributions, Haffer recognized 
that the lower portions of Amazonian rivers effectively divide populations of forest birds, with 
consequent genetic differences between populations separated by wide river courses, yet he was 
convinced that rivers alone could not have led to full speciation at such a large scale (Haffer, 
1978; 1987; 1992; 1997a; 2002).  
One of the major problems of the ‘riverine barrier hypothesis’ is that although the lower (and 
wider) portions of Amazonian rivers may represent unsurpassable barriers to forest species, their 
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narrower headwaters could, in theory, be easily crossed by dispersing individuals (Haffer, 1992; 
1997a, 2001).  In that case, gene flow would still occur between populations, and chances of full 
speciation, although still possible, would be reduced or slowed down considerably (Haffer, 
1997b; Coyne & Orr, 2004; Price, 2008).  Data on population interactions and gene flow in the 
headwaters of Amazonian rivers, however, are limited.  Therefore, although population pairs 
could potentially come into contact there, generalized gene flow is not known to occur in these 
headwaters.  Other aspects of ‘riverine biogeography’ that remain poorly explored include the 
levels of genetic divergence across rivers in many pairs of taxa, the phylogenetic relationship of 
species pairs, and whether replacing taxa are the result of simultaneous divergence.    
Fortunately, these issues have clear predictions under the ‘riverine barrier hypothesis’ and are 
amenable to falsification in a phylogeographic framework:  
i) Replacement of taxa should cluster along rivers, not within interfluvia (Haffer, 1974; 
Moritz et al., 2000).  This prediction (a topic explored in chapter 4) can be tested using both 
morphological and genetic data, although it is important to evaluate the concordance between 
phenotypic and phylogeographic breaks.  Few comparative studies have investigated whether 
populations across rivers are genetically distinct (but see Capparella, 1998; Bates et al., 2004; 
Burney & Brumfield, 2009), although some individual species-level phylogenies show the 
importance of different rivers in delimiting the distributions of distinct clades (Aleixo, 2004; 
Marks et al., 2002; Sardelli, 2005; Fernandes, 2007).  
ii) Pairs of taxa divided by rivers should represent each other’s closest relative (Haffer, 
1997a; Moritz et al., 2000). Species-level phylogenies should provide the information to answer 
this question. Although it is arguable whether a subsequent divergence event in one of the 
populations could render a non-sister relationship between a pair truly separated by a barrier, a 
distant phylogenetic relationship between pairs would suggest a scenario of secondary contact 
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(Haffer, 1997a; Moritz et al., 2000; Patton et al., 2000). Unfortunately, species-level phylogenies 
are available only for a limited number of species.  
iii) Genetic differentiation between populations across rivers should decrease towards the 
headwaters (Hershkovitz, 1977; Haffer, 1978; Ayres & Clutton-Brock, 1992).  Given that 
headwaters are much narrower than lower portions of rivers, cross-river gene flow in these areas 
are expected to increase.  Although this is relatively easy to test, it requires a hierarchical 
sampling design that includes samples from both along and across a river.  Surprisingly, these 
empirical data are only available from the Rio Juruá in Amazonia, where decreases in levels of 
genetic divergence towards the headwaters has not been found (Patton et al., 1994; Gascon et al., 
1996, 1998, 2000; Lougheed et al., 1999). Unfortunately, the Rio Juruá is possibly one of the 
worst rivers to test for this, because it has never been proposed as a biogeographical barrier 
(Haffer, 1992). 
iv) Pairs of co-distributed taxa across a primary barrier should show evidence of a single 
divergence event (Avise, 2000).  Testing for this is central for our understanding of evolutionary 
processes (Bermingham & Moritz, 1998; Avise, 2000; Arbogast & Kenagy, 2001; Hickerson et 
al., 2006a), and particularly for assessing the role of rivers in the creation of biodiversity.  A 
major issue in addressing this question is that simple comparisons of genetic levels of divergence 
across co-distributed taxa (Capparella, 1988, 1991; Bates et al., 2004; Whinnett et al., 2005) are 
difficult to interpret, mostly due to the stochastic nature of gene coalescence (Edwards & Beerli, 
2000).  Under the coalescent theory, several population parameters, such as mutation rate, 
effective population size, gene flow, and different demographic histories such as population 
expansions or bottlenecks, could dramatically affect time estimates (Edwards & Beerli, 2000; 
Arbogast et al., 2002), resulting in either type I errors (relatively similar temporal estimates in 
populations that diverged at different times) or type II errors (different estimates in species that 
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diverged simultaneously).  Therefore, to make comparative phylogeographic inferences, models 
that account for these sources of variation must be used; these characterize multiple 
phylogeographic datasets in a single analysis and focus on quantifying the statistical probability 
of simultaneous divergence (Hickerson et al., 2006a; 2007).  In recent years, analytical 
frameworks such as approximate Bayesian computation (ABC) have been developed exactly for 
this aim (Beaumont et al., 2002; Hickerson et al., 2006a; 2006b; 2007; 2009) and seem 
appropriate to test whether multiple populations of birds were simultaneously dissected by the 
formation of rivers.  
v) Rivers should be older than the populations they divide.  If rivers were important in the 
genesis of populations across their margins, then their estimated date of origin necessarily must 
predate the inferred time of diversification of the animal populations that they divide.  The 
palaeohydrological tools available to answer this question, however, are limited, and our current 
understanding of the age and origin of Amazonian rivers remains fragmentary (Latrubesse, 2003) 
and controversial (Hoorn & Vonhof, 2006).  
In this chapter, I explore some of these predictions by investigating avian distribution 
patterns in the Guiana Shield, along and across two biogeographically important Amazonian 
rivers: the Rio Negro and the Rio Branco.  The main goal of this chapter is to evaluate the role of 
these two Amazonian rivers as forces involved in the maintenance and generation of 
biodiversity, thereby testing the main predictions of the ‘riverine barrier hypothesis’.  In 
particular, I address the following questions: i) is the location of phenotypic differentiation in 
populations across the Branco and Negro rivers concordant with the location of phylogeographic 
breaks? ii) are pairs of taxa across rivers closely or distantly related phylogenetically? iii) how 
effective are Amazonian rivers in preventing gene flow between populations across rivers, and 
what happens at the rivers’ headwaters, where replacing populations can potentially come into 
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contact? iv) are there differences in the levels of genetic divergence across the lower, middle, 
and upper section of a river? and v) are pairs of co-distributed taxa across the two rivers the 
result of simultaneous divergence?  
To answer these questions, I gathered the largest molecular and distributional datasets ever 
assembled for any Amazonian river, using a multi-species approach.  Museum specimens and 
genetic samples across rivers allowed evaluating the role of rivers in the location of breaks, as 
well as investigating the concordance of phenotypic and genotypic variation.  A hierarchical 
sampling design across the Rio Negro was used to estimate levels of genetic divergence along 
the river, whereas reciprocal monophyly and museum specimens were used to infer levels of 
gene flow, both along the main course of rivers and at the rivers’ headwaters.  Finally, I used 
coalescent simulations under an ABC approach to test for simultaneous divergence across both 
rivers.  Although both rivers are important biogeographical barriers to birds and are part of the 
same basin, these rivers differ in their time of formation, geomorphological features, and 
ecology.  By investigating two very different river systems, I was able to identify common 
patterns that might be generalizable to other river systems, and I also found important differences 
that illustrate the idiosyncratic nature of Amazonian evolutionary history. 
METHODS 
Study Area: Rio Negro and Rio Branco  
The Rio Negro is the largest black-water river in the world and the second largest tributary of 
the Amazon (Goulding et al., 2003).  Based on water volume, it is the world’s fifth-largest river, 
discharging 28,400 m3/s into the Amazon River (Latrubesse et al., 2005).  Despite its size, the 
amount of sediments carried by the Negro is very low compared to other Amazonian rivers (e.g., 
up to 30 times lower than the Rio Madeira).  The sources of the Negro come from the confluence 
of the Guainia, a river originating in the Colombian Llanos, and the Brazo Casiquiare, along the 
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Colombian-Venezuelan border.  Unlike most other Amazonian rivers (and like the Congo river), 
the Negro headwaters are located in a region of low relief and run through cratonic areas on 
stable Precambrian crystalline basement, characterized by wide channels with islands alternating 
with narrow reaches with rapids, and with a very low yield of sediments (Latrubesse et al., 2005; 
Franzinelli & Igreja, 2002).  The course of the Rio Negro can be divided into three sections 
according to its geological features (Franzinelli & Igreja, 2002).  First, the upper Negro runs 
from its sources to the locality of Santa Isabel do Rio Negro, where the river leaves the 
crystalline rocks of the Guiana Shield and flows across the sedimentary deposits of the Amazon 
Basin.  There the channel is straight with slow-flowing sections alternating with rapids and 
waterfalls.  The maximum depth is about 12 m in the dry season.  Second, the middle Negro 
flows on the Tertiary sedimentary deposits, in a general NW–SE direction, where the river has 
large channels, with numerous sandbars especially near its southern end at the confluence with 
the Rio Branco, where the crystalline rocks of the basement form outcrops that force the river 
into a narrow channel.  Upstream from the Rio Branco, where the Negro attains widths greater 
than 20 km and depths greater than 18 m in the dry season, it resembles an active sedimentation 
basin, with the crystalline rocks at the mouth of the Branco forming a barrier that causes an 
upstream accumulation of sediments (Latrubesse & Franzinelli, 1998).  Third, the lower Rio 
Negro extends from 62°W to its confluence with the Amazon River (60°W), also trending NW–
SE, where it displays tectonic control.  In this section the river is up to 20-km wide and is 
bordered by discontinuous cliffs.  The lineament belongs to a larger transcurrent system of 
geological features (faults, folds, and rhombochasms) that occur in the whole Amazon Basin.  In 
biogeographical terms, the Rio Negro represents one of the most important dividers of the entire 
Amazon (Wallace, 1852; Haffer, 1974), second only to the Amazon River itself (Ayres & 
Clutton-Brock, 1992).  Nearly 100 pairs of phenotypically differentiated bird populations replace 
 33 
each other across the lower sections of this river (see chapters 2 and 4).  The upper Rio Negro, 
however, ceases to act as such strong barrier, and only ~15 pairs remain phenotypically 
differentiated on opposite banks along this section.  
The Rio Branco, despite being the main tributary of the Rio Negro, is a much smaller river, 
discharging ~2,500 m3/s at its mouth (Ferreira et al., 2007).  The Branco is one of the few rivers 
in the Guiana Shield that can be considered a ‘muddy’ river.  Although not as turbid as the 
Amazon or the Madeira rivers, its waters contrast strongly with the dark waters of the Negro.  In 
satellite imagery, this contrast remains visible for more than 50 km downstream from their 
confluence.  The Rio Branco originates in the Roraima-Rupunnuni savannas by the convergence 
of two rivers: the Tacutu and Uraricoera, and runs in a N-S direction for its entire course until it 
reaches the Rio Negro.  
The geomorphological history of the Rio Branco is relatively well understood (Schaefer & 
Dalrymple, 1995; Schaefer & Vale, 1997, Ferreira et al., 2007), and the presence of dated 
palaeochannels suggests that this river represents a recent Pleistocene capture of a previous 
protobasin that drained towards the Essequibo River less than 1Mya.  By the end of the 
Cretaceous, both the Tacutu and Uraricoera rivers flowed north towards the Berbice River and 
the Caribbean, creating a fluvial system called the Proto-Berbice, which ran in that direction until 
the Pleistocene (Schaefer & Dalrymple 1995).  A recent change of direction is evident in the 
present geometry of several tributaries that flow in a NE direction, which change southwards 
when they meet the present course of the Rio Branco (Schaefer & Vale, 1997). 
The Rio Branco can be divided into two main geographical and ecological regions, the upper 
and lower Rio Branco, with the city of Caracaraí (01o 50’ N) at the dividing point. About 70 km 
north of Caracaraí, coinciding with the confluence of the Rio Branco and the Rio Mucajaí, 
annual rainfall rates decrease sharply (Barbosa, 1997) with accompanying dramatic changes in 
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soil conditions (Brown & Prance, 1987).  In this region savannas replace lowland terra firme 
Amazonian forests, and gallery forests replace flooded forests along the rivers (Naka et al., 
2007).  Unlike the Rio Negro, the headwaters of the Rio Branco are located within the Roraima-
Rupunnuni savannas (a barrier itself to forest-dwelling species).  Therefore, to evaluate the area 
where isolated populations could potentially meet, I consider the  ‘headwaters of the Rio Branco’ 
as the region where terra firme forests bridge Guianan populations and western Amazonian taxa.  
This region is located in the Venezuelan state of Bolivar, north of the Roraima-Rupunnuni 
savannas and the Gran Sabana (Fig. 3.1).  Biogeographically, the Rio Branco represents an 
important barrier to the terrestrial fauna, including birds (Naka et al., 2006) and monkeys (J. F. 
Boubli, unpubl. data), although its importance has only recently been revealed (Naka et al., 
2006; 2010).  
Selection of Population Pairs and Collection of Molecular Data 
I created a list of all bird species or allospecies that show taxonomically designated 
phenotypic variation across the lower Rio Negro, and I then built a distributional dataset for 
those taxa based on museum specimens, audio recordings, and fieldwork (see chapter 4).  These 
phenotypically distinct populations are presently considered either different subspecies or 
allospecies.  Because data are often missing for whether these population pairs should be ranked 
as species or subspecies, I opted for treating all pairs equally, regardless of their current 
taxonomic rank.  To explore levels of genetic divergence across rivers, I obtained tissues, both 
from museum collections and my own fieldwork in the region (Fig. 3.1).  To assess the 
phylogenetic relatedness of pairs of taxa across the Branco and Negro rivers, I examined 20 
published and unpublished phylogenies.  
To obtain a comparable measurement of genetic divergence, I sequenced the mitochondrial 
protein-coding NADH dehydrogenase subunit 2 (ND2) gene for all samples.  The ND2 gene has 
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been a useful marker for estimating levels of genetic divergence among populations of 
Neotropical birds (Lovette, 2004; Weir & Schluter, 2004; Burney & Brumfield, 2009). Although 
using a single locus has inherent limitations, particularly because of the stochastic nature of gene 
coalescence (Edwards & Beerli, 2000; Arbogast et al., 2002; Brumfield et al., 2003), I opted for 
maximizing the taxonomic breath and number of samples of this study over collecting data from 
an increased number of loci that would provide greater precision in population genetic parameter 
estimation.   
I extracted genomic DNA from ~25 mg of fresh tissue using Qiagen DNeasy Tissue Kits, 
following the manufacturer’s instructions (QIAGEN, Inc., Valencia, California).  Following 
standard PCR protocols, I amplified the complete ND2 gene (1041 base pairs) using the 
following primers: L5215 for the light (Hackett, 1996) and H6313 for the heavy strand 
(Sorenson et al., 1999).  Internal primers (H5766 and L 5758) were used when needed to resolve 
ambiguous reads (Sorenson et al., 1999).  PCR amplifications were obtained from 25 µL 
reactions, consisting of 2.5 µL of template DNA (~50 ng), 1 µL of each primer (10 mM), 1 µL of 
dNTPs (10 mM: 2.5 mM each dATP, dTTP, dCTP, dGTP), 2.5 µL of 10X reaction buffer with 
MgCl2 (15 mM), 0.1 of Taq DNA polymerase (5 U/µL AmpliTaq, Applied Biosystems Inc., 
Foster City, California), and 17.9 µL sterile dH2O.  Thermocycler protocols for PCR consisted of 
an initial denaturation of 2 min at 94°C followed by 35 cycles of 30 sec at 94°C, 30 sec at 50°C, 
and 2 min at 72°C, with a final extension of 5 min at 72°C. PCR products were purified using 
20% polyethylene glycol (PEG), and cycle sequence reactions were completed using a Big Dye 
terminator Cycle Sequencing Kit, version 3.1 (ABI).  Cycle sequence reactions were cleaned 
using Sephadex (G-50 fine) columns and electrophoresed on an ABI 3100 Genetic Analyzer.  
Consensus sequences were compiled from both forward and reverse sequences, and 
complementary strands were aligned and edited using Sequencher, version 4.6 (GeneCodes 
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Corporation, Madison, Wisconsin).  The entire length of each sequence was examined by eye to 
confirm base calls, and particular attention was paid to look for gaps, insertions or deletions in 
the data.  To corroborate the absence of pseudogenes, I confirmed that all codons translated into 
amino acids and that no stop codons occurred within the open reading frame. 
Role of Rivers as Current Barriers 
I calculated levels of genetic divergence between and within 58 phenotypically differentiated 
populations of 21 bird families distributed across the Negro and Branco rivers.  Most population 
pairs analyzed represent distinct subspecies (42), but over a fourth (16) are currently recognized 
as species pairs.  For all 58 species pairs, the distributions of phenotypically distinct populations 
coincide with the lower Rio Negro.  However, only 14 of these species pairs are isolated by the 
Rio Negro along its entire length.  Instead, the distributions of 28 of the 58 species pairs coincide 
with the Rio Branco, with the distributional termini of the remaining 16 pairs occurring 
somewhere in the Negro/Branco interfluvium (see chapters 2 and 4). 
I analyzed sequence data for the complete ND2 gene from 851 individuals of 60 pairs of taxa 
(Table 3.1). Mean levels of both pairwise corrected and uncorrected genetic distances were 
calculated using PAUP*4.0 (Swofford, 2001).  Corrected pairwise distances were calculated 
using the optimal finite-sites substitution models of DNA evolution for each pair obtained using 
the Akaike Information Criteria (AIC) test implemented in MODELTEST 3.6 (Posada & Crandall, 
1998) (see Appendix C). Average pairwise distances, standard deviations, means and medians 
were calculated directly from the distance matrices. 
I used reciprocal monophyly of populations across rivers as an indication of no ongoing gene 
flow between populations.  Reciprocally monophyletic populations do not share haplotypes, 
suggesting absence of gene flow, whereas lack of monophyly suggests present or past gene flow 
or incomplete lineage sorting, which is the persistence of ancestral alleles in current populations. 
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Phylogenetic trees and bootstrap support for each phenotypically differentiated clade were 
reconstructed with Geneious (Drummond et al., 2010) using PHYML (Guindon & Gascue, 2003) 
on the corrected distance matrix.  When the finite-sites model selected by MODELTEST was not 
available in PHYML, I chose the most similar one according to the MODELTEST hierarchy 
(Posada & Crandall, 1998). 
Population Interactions at the Headwaters 
Because little genetic material was available from the Branco and Negro headwaters, I used 
distribution data based on museum specimens to infer whether pairs of phenotypically distinct 
populations occurred in allopatry, parapatry, or sympatry.  I considered a species pair to be 
allopatric if the geographically closest specimen records were separated by a physical barrier 
(such as a savanna, a river, or a mountain range, see chapters 2 and 4), or if no specimen records 
closer than 100 km were available.  I arbitrarily considered as parapatric those phenotypically 
distinct populations that occurred within 100 km of each other without any obvious intervening 
physical barriers.  Using these criteria, populations 10 km apart would be considered allopatric if 
separated by a river, or parapatric if no barrier was apparent.  When both species occurred at the 
exact same locality, the pair was considered to be sympatric.   
To evaluate whether introgression occurred between a pair of taxa, I examined museum 
specimens from the areas of contact.  I also searched for published descriptions of hybrids in the 
literature (e.g., McCarthy, 2006; del Hoyo et al., 1991-2010).  Museum specimens were 
intensively studied in both Venezuelan (COP and CBRG) and Brazilian (INPA, MPEG) 
collections (see chapter 2 for acronyms), particularly to assess possible areas of contact.   
Although genetic data would provide a more direct assessment of hybridization in population 
pairs, a lack of genetic samples from the headwaters prevented such analyses using a 
comparative approach.  Nonetheless, I considered non-reciprocal monophyly of the species pair 
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gene trees as a possible indication of gene flow.  Because ancestral polymorphism cannot be 
ruled out in these cases, I only used lack of monophyly as an ancillary, supporting assessment of 
the plumage data.  Fortunately, the many museum specimens collected along the Branco and 
Negro headwaters in Venezuela were informative in documenting whether pairs come into 
contact and interbreed. 
Levels of Genetic Differentiation Along the Rio Negro 
I compared levels of genetic divergence across the lower, middle, and upper regions of the 
Rio Negro in 37 pairs of species (8) or subspecies (29) that show taxonomically recognized 
phenotypic variation across the lower reaches of the river.  For this comparison, I only selected 
those pairs for which I had samples from both across and along the river.  To perform the test, I 
made pairwise comparisons of populations across the three sections of the Rio Negro (as defined 
by Franzinelli & Igreja, 2002, see Fig. 3.1).  For each population pair, corrected pairwise genetic 
distances between individuals were averaged to obtain a single value across each portion of the 
river.  Due to differential sampling across species and river sections, the number of individuals 
used for each comparison was different (see results).  In cases where I lacked samples from one 
specific section of the river (i.e., the middle), I merged samples from the two other sections if I 
found no evidence of genetic structure between the two.  I tested levels of pairwise genetic 
distance across the three sections of the river using a one-way ANOVA.  I tested for 
heteroscedasticity using the Fligner-Killeen test of homogeneity of variances (Crawley, 2009) 
and square-root transformed the data to attain homogeneity.  I repeated this analysis excluding 
those 19 pairs known to replace one another along the Rio Branco, and again including only the 
14 pairs known to replace one another only along the Rio Negro.  I used Tukey’s honest 
significant differences (Crawley, 2009) to make pairwise comparisons among the three river 
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sections.  All statistical tests described above were performed using R (R Core Development 
Team, 2008). 
Testing for Simultaneous Divergence 
To test for simultaneous divergence among the several pairs of taxa co-distributed across the 
Branco and Negro rivers, I used an approximate Bayesian computation (ABC) approach, 
implemented in MTML MSBAYES (Hickerson et al. in prep), which works under a hierarchical 
coalescent model using multiple co-distributed population pairs.  An advantage of this method is 
that instead of conducting independent analyses on every population pair and testing the 
hypothesis of temporal concordance, it tests simultaneous divergence using all the data in a 
single analysis.  It does this by estimating a set of three hyper-parameters (!) that characterize 
and quantify the degree of variability in divergence times across populations, while allowing for 
variation in various within population-pair demographic parameters (sub-parameters) that can 
affect the coalescent (Hickerson et al., 2007).  These hyper-parameters are: i) ", the number of 
possible divergence times; ii) #($), mean divergence time; and iii) %, the ratio of variance to the 
mean across all population pairs, which is Var ($)/#($).  The subparameters of each pair (&) are 
allowed to vary independently across all populations, and include parameters such as divergence 
times, current and ancestral population sizes, post-divergence founding population sizes, 
recombination rates, and post-divergence migration rates.  Rather than directly calculating 
likelihood expressions, this method uses simulation-based summary statistics that approach an 
approximate likelihood, which can be sampled from the posterior probability.  The choice of 
summary statistics is vital for the success of the method, and they should show a strong 
correspondence with parameter values (Hickerson et al., 2006b).  Extensive simulations 
conducted by Hickerson et al., (2006a) suggest the use of four summary statistics that can be 
summarized in a summary statistic vector (D), and these are the ones calculated by default by 
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MTML MSBAYES.  These summary statistics are: i) !, average number of pairwise differences 
among all sequences within each population pair; ii) "w, number of segregating sites within each 
population, normalized for sample size; iii) Var (!="w) in each pair; iv) !net, Nei and Li’s net 
nucleotide divergence between each pair of populations.  This last summary statistic is actually 
represented by the difference between the average pairwise difference between (!b) and within 
each population pair (!w).  The implementation of these analyses follows three basic steps, 
which include: i) calculating the observed summary statistic; ii) running coalescent simulations 
of the DNA sequence data, using parameters drawn from the hyper-prior (#) and prior ($); and 
iii) sampling from the posterior distributions and obtaining posterior estimates of the three hyper-
parameters (%, &('), and () across all pairs.   
I tested for the simultaneous divergence of 24 population pairs across the Rio Branco and 14 
populations across the Rio Negro.  For the Rio Negro, I only selected those populations that are 
separated by the entire extension of the river.  For both rivers, I selected those pairs for which I 
had at least three samples from each bank, although ABC simulations perform well with even 
smaller sample sizes (Hickerson et al., 2007).  I used the following prior parameters for both 
simulations: i) bounds of " per site: upper"= 0.1, lower "= 4e-8; ii) upper limit of ' (time of 
divergence) = 1.0; iii) the number of ' classes (%, possible times of divergence) was set to 0, 
which means that there could be as many differentiation events as pairs of populations in the 
comparison; iv) migration rate=0 (which disables migration); and upper ancestral population 
sizes were set to 0.025, and v) subparameters unconstrained (0).  These prior parameters have 
worked well in simulations and are expected to perform well under a wide number of cases 
(Hickerson, pers. comm).  I ran three independent simulations of 1,000,000 replicates for each 
analysis (which is the number of random draws from the hyper-prior) and set the tolerance to 
0.0005, which is the proportion of accepted draws from the prior. To explore whether the 
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tolerance value would affect the results, I also ran analyses with this value set to 0.001 (which 
provides 1,000 posterior values).  Considering 1,000,000 replicates, this tolerance value provides 
the 500 closest matches between the summary statistic calculated from the observed and 
simulated data in order to sample from the posterior distribution.  Given that these simulations 
were very similar, I concatenated the replicates and the final results presented are the result of 
3,000,000 simulations, and a tolerance of 0.00016 (which still represent ~500 posterior values).  
RESULTS 
Role of Rivers as Present Day Barriers 
In general, phenotypic divisions observed in plumage characters across the Branco and 
Negro rivers were concordant with the location of phylogeographic breaks.  Pairs of taxa showed 
phenotypic differentiation across only one of the two rivers, and the genetic structure of the taxa 
matched this pattern.  In 80% of the cases (48 pairs) the mean level of genetic divergence 
between pairs across rivers was at least one order of magnitude higher than within populations 
from the same bank of the river (Table 3.1), and in all cases, mean levels of genetic divergence 
between phenotypically differentiated populations were higher than within similar-looking 
phenotypes (Table 3.2).  Because mean values of corrected and p-uncorrected genetic distances 
were highly correlated (Pearson's product-moment correlation: 0.966; t=29.5792, df = 62, p-
value < 2.2e-16), I only present corrected values.  Levels of genetic divergence were highly 
variable among phenotypically differentiated pairs (Table 3.2). In ~85% of the pairs (49 out of 
57), phenotypically distinct populations represented reciprocally monophyletic clades (Table 
3.2).  In addition, no shared haplotypes were observed, suggesting little ongoing gene flow 
between populations across rivers.   
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Table. 3.1.  Mean percentage of pairwise genetic divergence (corrected) across rivers in 60 pairs 
of closely related taxa, divided by river (Rio Branco and Rio Negro), and compared to those not 
divided by rivers (interfluvium). 
N Genetic divergence  Location of phenotypic 
divergence  range Mean (std) median between same-bank populations  
(east)                   (west) 
Lower Rio Negro 60 0.68 - 13.34 5.74 (±3.60) 5.55 0.34 0.48 
    Rio Branco 28 0.76 – 13.34 6.25 (±3.46) 6.48 0.35 0.54 
    Rio Negro 16 1.26 – 11.34 4.86 (±3.61) 2.66 0.28 0.43 
    Interfluvium 16 0.68 - 12.93 5.72  (±3.87) 6.05 0.38 0.42 
 
Phylogenetic Relationships of Replacing Pairs of Taxa  
Available phylogenies informed the evolutionary relationships of 20 species pairs.  Pairs of 
taxa are each other’s closest relatives only in approximately half of the cases (Table 3.3).  
Although many of these pairs are not sister taxa, it remains clear they replace one another 
geographically and ecologically.   
Population Interactions at the Headwaters 
Most pairs of taxa are parapatric (25 pairs) or allopatric (24 pairs) at the headwaters, with at 
least seven pairs occurring in sympatry (Table 3.2).  I found intermediate-looking individuals in 
at least 13 pairs of taxa (see Appendix D, for examples), suggesting that at least limited 
hybridization is occurring between some pairs of taxa at the headwaters (Table 3.4).  Seven of 
the 13 pairs are not reciprocally monophyletic.  That the samples with incompletely sorted genes 
are those closest to the headwaters provides evidence that hybridization and not incomplete 
lineage sorting accounts for the lack of reciprocal monophyly.  Interestingly, 10 of 13 putative 
cases of hybridization at the headwaters are limited to three avian families: Ramphastidae 
(toucans), Picidae (woodpeckers), and Thamnophilidae (antbirds). 
Levels of Genetic Differentiation Along the Rio Negro 
An analysis of 37 pairs of taxa showed that corrected pairwise genetic distances between 
populations on opposite margins of the Rio Negro diminish towards the headwaters (Table 3.5). 
The data required two square-root transformations to attain homogeneous variances (Fligner-
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Killeen test after transformation: chi-squared = 2.83, df = 2, p-value = 0.24).  Mean corrected 
genetic distances between the pairs studied across the lower, middle, and upper Rio Negro were 
5.83%, 2.71%, and 1.59%, respectively (Fig. 3.2a).  A multiple comparisons of means (Table 
3.6) showed that mean levels of genetic divergence across rivers were significantly higher along 
the lower Rio Negro, but that there were no significant differences between the middle and upper 
Rio Negro. 
To investigate whether the significant results were because the narrow upper Rio Negro was 
easier to cross, or whether the difference between the lower and upper portions could be 
attributed to the presence of a second barrier, such as the Rio Branco, I first excluded 18 taxa that 
show phenotypic differences across the lower Rio Negro and do not extend west of the Rio 
Branco.  When these taxa were excluded, the data did not require any transformation (Fligner-
Killeen test: chi-squared = 2.35, df = 2, p-value = 0.30), and there were no significant 
differences, although it remained marginally non-significant (Table 3.7, Fig. 3.2b).  Furthermore, 
when I included only pairs divided by both the lower and upper Rio Negro (no transformations 
needed; Fligner-Killeen test: chi-squared = 0.09, df = 2, p-value = 0.95), I found no signs of 
genetic homogenization towards the headwaters (i.e., no significant variation in mean levels of 
genetic divergence along the river (Table 3.8, Fig. 3.2c). 
Testing for Simultaneous Divergence 
I conducted two independent analyses to test for simultaneous divergence among pairs of co-
distributed taxa across the Rio Branco and Rio Negro.  Pairs of taxa showed variable mtDNA p-
uncorrected genetic distances, which ranged from ~1 % to 7.8 % across the Negro (Table 3.9a), 
and between 1.4 % and 9.8 % across the Branco (Table 3.9b).  Hyper-posterior estimates suggest 
that the rivers have two very different histories.  Whereas estimates of ! (the number of possible 
divergence times) across the Rio Negro could be consistent with either one or two diversification 
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events (Table 3.10a; Fig. 3.3a), estimates for the Rio Branco strongly suggest a history consistent 
with at least five independent vicariant events (Table 3.10b; Fig. 3.3b).  
The mean time of divergence (E(t)) has its mode around 0.17 for the Rio Negro, and around 
0.41 for the Rio Branco dataset (Table 3.10; Fig. 3.4), suggesting that the taxa divide across the 
Rio Branco are twice as old than those divided by the Rio Negro.  On the other hand, exactly 100 
accepted posterior values of ! for the Rio Negro were equal to zero, which suggests  
that the time of divergence across pairs is similar. None of the distributions of the priors accepted 
for the Rio Branco included values of zero for !. 
I obtained similar results in at least three independent 1,000,000 draws from the priors 
(Appendices E, F), and results remained largely unchanged using a higher number of posterior 
draws (tolerance value), although the mode of the number of possible divergence times almost 
doubled for the Rio Branco dataset (Table 3.10). 
Table 3.3.  Phylogenetic relationships of 20 taxon pairs that replace each other across rivers in 
the Guiana Shield.  The location of phenotypic break was inferred from the distributional dataset 
presented here (B: Rio Branco; N: Rio Negro; Low N: only the lower portion of the Rio Negro).  
Sister taxa are those that share a common ancestor and no additional descendents. 
Pair of taxa 
Location of 
phenotypic break Sister taxa? Reference 
Pyrilia caica/P. barrabandi B No Ribas et al. (2005) 
Phaethornis s. superciliosus/insolitus N No LNN & M. Miller (unpubl.) 
Capito niger/C. auratus B Unresolved Armenta et al., (1995) 
Veniliornis cassini/V. affinis Low N No Moore et al., (2006) 
Xenops minutus ruficaudus/remoratus N Yes Burney (2009) 
Dendrocincla m. merula/bartletti B No Henriques (unpubl.) 
Glyphorynchus s. spirurus/rufigularis B No Marks et al., (2002) 
Xiphorhynchus pardalotus/X. ocellatus N Yes Aleixo (2004) 
Xiphorhynchus guttatus polystictus/guttatoides Low N No Aleixo (2002) 
Lepidocolaptes a. albolineatus/duidae B No Rodrigues (2008) 
Epinecrophylla gutturalis/E. haematonota B Yes Bravo et al. (unpubl.) 
Myrmotherula guttata/M. hauxwelli N Yes Bravo et al. (unpubl.) 
Hypocnemis cantator/H. flavescens B No Tobias et al., (2008) 
Percnostola r. rufifrons/minor B No LNN and Bravo (unpubl.) 
Pithys a. albifrons/ peruvianus N Yes LNN (unpubl.) 
Gymnopithys rufigula/G. leucaspis N Yes Brumfield et al., (2007) 
Willisornis p. poecilinotus/duidae Low N No Bates (unpubl.) 
Zimmerius acer/Z. gracilipes Low N No Rheindt et al., (2008) 
Hemitriccus zosterops rothschildi/zosterops B Yes Cohn-Haft (2000) 
Schiffornis turdina olivacea/amazonus B No Nyári (2007) 
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Table 3.4. List of 13 taxon pairs with intermediate-looking birds known from collections or 
observations along the Branco/Negro interfluvium (See Appendix D). All localities are from 
Venezuela, unless otherwise specified. 
Species Family Locality Reference1 Reciprocal 
monoph? 
Pteroglossus aracari x pluricinctus Ramphastidae Río Carapo, Bol. COP 76590 No mol. data 
Ramphastos v. vitellinus x 
culminatus 
Ramphastidae Branco/Negro interfluv. Haffer (1974) No mol. data 
Ramphastos t. tucanus x cuvieri Ramphastidae Branco/Negro interfluv. Haffer (1974) No mol. data 
Piculus f. flavigula x magnus Picidae Yavita-Pimichin, Am. COP 34338 Yes 
Celeus undatus x C. grammicus Picidae Manaus, AM (Brazil)  Pers. obs. No 
Celeus e. elegans x jumanus Picidae Auyan Tepui, Bol. Short (1972) 
COP 7935 
No 
C. t. torquatus x occidentalis Picidae Chimanta-Tepui, Bol. COP 35656 Yes 
Xiphorhynchus g. polystictus x 
guttatoides 
Dendrocolaptidae Río Orinoco, Am. Marantz, 
(unpubl.) 
Yes 
P. a. albifrons x peruvianus Thamnophilidae La Ceiba, Colombia ICN 32218 No 
Gymnopithys rufigula x G. 
leucaspis 
Thamnophilidae Yavita-Pimichin, Am. COP 34563 No 
Willisornis p poecilinotus x duidae Thamnophilidae Mt. Duida, Am. Zimmer (1934)  No 
Piprites chloris chlorion x tschudii Incertae sedis Yavita-Pimichin, Am. COP 34608 No 
Cyanerpes c. caeruleus x 
microrhynchus 
Thraupidae Branco/Negro interfluv. COP No 
1COP: Colección Ornitológica Phelps; ICN: Instituto de Ciencias Naturales, Universidad Central, Colombia 
 
 
 
 
Fig. 3.2. Mean values of corrected pairwise genetic divergence along three sections of the Rio 
Negro (see Fig. 3.1).  Panel a represents all 37 species or pairs of species for which I had genetic 
samples along the Rio Negro.  Panel b represents those same taxa, excluding those pairs that are 
known to replace across the Rio Branco.  Panel c represents those same taxa as panel b, 
excluding those pairs that are known to replace within th Branco/Negro interfluvium.  Panel c, is 
composed only by pairs that replace across the Rio Negro, and therefore are more suitable for 
comparisons.  
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Table 3.5. Mean pairwise genetic distance of 37 species or species pairs across different sections 
of the Rio Negro.  Note that all pairs have phenotypically differentiated populations across the 
lower Rio Negro. 
 
Sample size2 
Taxa 
Location of 
phenotypic 
break1 
E of Rio 
Negro 
W of Rio 
Negro 
Corrected levels of mean 
genetic divergence (*100)1 
  L M U L M U L M U 
Phaethornis superciliosus N 4 7  4 1 3 10.80 10.32 7.92 
Momotus momota N 3 2 2   2 2.41 2.56 2.58 
Galbula albirostris BN 6 4  1 4 2 9.04 2.77 0.29 
Galbula dea B 7 1 1 1  1 8.65 0.12 0.09 
Monasa atra/M. morphoeus N 2 1 2 1  1 8.67 7.60 1.42 
Piculus flavigula N 4 5 1 2 1 2 1.95 1.88 0.83 
Celeus undatus/C. grammicus B 3 1 2 3 1  0.27 0.000 0.05 
Celeus elegans B 2 7 2 2  1 1.37 0.17 0.19 
Automolus infuscatus  B 4 1  3 2 4 3.64 1.82 0.50 
Xenops minutus  N 22 2  2 2 1 6.36 6.42 6.42 
Dendrocincla fuliginosa B 8 6  3  3 5.34 0.24 0.24 
Glyphorynchus spirurus B 3 7 5 2 1 2 8.65 1.53 0.75 
Dendrocolaptes certhia N 2 6 1  1 0 2.98 2.87 2.88 
Xiphorhynchus pardalotus/ 
X. ocellatus N 3 3  2 1 1 5.37 5.18 5.08 
Xiphorhynchus guttatus  BN 2 6 1 1 1 2 6.47 6.37 0.54 
Lepidocolaptes albolineatus B 5 1 2 3   7.47 0.90 0.90 
Cymbilaimus lineatus B 5 1 1 2  1 3.11 0.50 0.50 
Thamnophilus murinus N 3 7 1 5 2 3 1.94 1.99 1.91 
Thamnophilus amazonicus  B 4 6 2 5  2 4.19 0.02 0.20 
Epinecrophylla gutturalis/ 
E. haematonota B 4 3  1 1 1 7.47 0.09 0.06 
Myrmotherula axillaris BN 14 6  3  2 1.72 0.94 0.94 
Hypocnemis cantator/ 
H. flavescens B 12 
1
6 2   1 9.42 0.72 0.71 
Cercomacra cinerascens  B 7 2 1 2  2 2.09 0.14 0.05 
Cercomacra tyrannina  BN 10 7 1 3  1 1.72 1.56 0.00 
Pithys albifrons N 7 3 3 5 1 7 1.29 1.30 1.24 
Gymnopithys rufigula/  
G. leucaspis N 7 3 3 2  3 2.42 2.14 1.34 
Willisornis poecilinotus BN 8 7 3 2 7 6 10.13 3.15 0.86 
Zimmerius acer/ 
Z. gracilipes BN 6 3 2 3  4 12.81 8.88 0.56 
Tolmomyias assimilis  B 9 3 1 1   5.39 0.13 0.09 
Tolmomyias poliocephalus N 2 4 1   2 3.07 2.97 2.87 
Schiffornis turdina  B 8 2 2 3  2 9.67 9.58 0.19 
Hylophilus muscicapinus/ 
 H. hypoxanthus N 5 1 1 1  2 11.33 10.96 12.82 
Hylophilus ochraceiceps  B 7 7  3  2 13.29 0.26 0.26 
Microcerculus bambla B 3 2 1  1 2 9.68 0.58 0.90 
Pheugopedius coraya B 7 7 2 3  1 13.04 0.76 0.64 
Microbates collaris BN 2 3 1  2 4 3.10 1.60 1.07 
Tangara chilensis N 1 1 2   2 0.43 0.33 0.43 
1 Location of replacement of phenotypically distinct taxa.  
2 Location of samples: L: lower, M: middle, U: upper Rio Negro (see Fig. 3.1). 
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Table 3.6. Results of one-way ANOVA (pairwise genetic distances and section of the river) and 
Tukey HSD test (multiple comparisons of means) of three river sections (95% family-wise 
confidence level) for 37 bird species or species pairs along the Rio Negro.  
Source Sum of squares df Mean square F ratio P value 
River section 5.56 2 2.84 20.29 3.3e-08 
Error 15.12 108 S2=0.14   
 
River section Difference lower upper P adj 
Low-mid -0.385  -0.592  -0.178 6.7e-5 
Low-upp -0.537  -0.744  -0.330 0.000 
Mid-upp -0.152 -0.359 0.054 0.191 
 
 Table 3.7. Results of one-way ANOVA (pairwise genetic distances and section of the river) and 
Tukey HSD test (95% family-wise confidence level) for 19 species or species pairs along the Rio 
Negro (18 taxa divided by the Rio Branco were excluded).  
Source Sum of squares df Mean square F ratio P value 
River section 68.04 2 34.02 2.82 0.067 
Error 686.90 57 S2=12.05   
 
River section Difference lower upper P adj 
Low-mid -1.113 -3.755 1.528 0.571 
Low-upp -2.599 -5.241 0.042 0.055 
Mid-upp -1.486 -4.128 1.155 0.372 
 
Table 3.8. Results of one-way ANOVA (pairwise genetic distances and section of the river) for 
14 species or species pairs with phenotypic differentiation across the Rio Negro. No Tukey 
multiple comparisons of means are presented because results of ANOVA show no significant 
difference. 
Source Sum of squares df Mean square F ratio P value 
River section 5.11 2 2.55 0.20 0.82 
Error 459.04 36 S2=12.75   
 
DISCUSSION 
The role of Amazonian rivers as promoters of biodiversity has been in the center of the 
discussion for decades (Sick, 1967; Hershkovitz, 1977; Haffer, 1969, 1974, 1992, 2002; 
Capparella, 1988, 1991; Ayres & Clutton-Brock, 1992; Lougheed et al., 1999; Gascon et al., 
2000).  However, surprisingly few empirical data are available to support or refute their role as 
mechanisms responsible for maintaining current levels of biodiversity (but see Bates et al., 
2004).  This study represents the first comparative, multi-species approach that involves a 
significant portion of an Amazonian avian community to assess the roles of rivers in both 
promoting and preserving biodiversity. 
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Table 3.9.  List of 38 pairs of taxa used for testing simultaneous divergence across the Negro 
and Branco rivers, including number of samples per population, number of base pairs of the ND2 
gene, and mean pairwise p-uncorrected mtDNA distance.   
 
(a) Rio Negro (n=14 pairs) 
Species pair Sample size Bp(n) P-uncorr. mean  
 E pop. W pop.  mtDNA div. (%) 
Phaethornis s. superciliosus/insolitus 12 11 967 7.83 
Momotus m. momota/microstephanus 8 4 1033 2.08 
Piculus f. flavigula/magnus 9 7 1039 1.90 
Synallaxis rutilans dissors/confinis 10 6 1041 1.63 
Xenops minutus ruficaudus/remoratus 26 5 1035 6.56 
Xiphorhynchus pardalotus/X. ocellatus 10 4 1036 3.62 
Thamnophilus m. murinus/canipennis 10 8 1021 1.78 
Thamnomanes caesius E/W* 8 8 1025 2.00 
Myrmotherula brachyura E/W* 8 4 1033 1.99 
Pithys a. albifrons/peruvianus 16 14 1026 1.14 
Gymnopithys rufigula/G. leucaspis 13 9 1016 2.01 
Onychorhynchus c. coronatus/castelnaui 3 5 856 7.67 
Piprites chloris chlorion/tschudii 4 4 1040 1.53 
Hylophilus muscicapinus/H. hypoxanthus 6 3 1040 7.60 
 
b) Rio Branco (n=24 pairs) 
Species pair Sample size Bp(n) P-uncorr. mean  
 E pop. W pop.  mtDNA  div. (%) 
Galbula a. albirostris/chalcocephala 7 14 1037 5.76 
Galbula d. dea/brunneiceps 8 3 1041 7.42 
Capito niger/C. auratus 3 3 1031 7.06 
Automolus infuscatus cervicalis/badius 4 10 1041 3.51 
Dendrocincla f. fuliginosa/phaeochroa 7 16 1008 5.32 
Glyphorynchus s. spirurus/rufigularis 8 15 1028 6.96 
Lepidocolaptes a. albolineatus/duidae 5 6 1009 4.98 
Cymbilaimus l. lineatus/intermedius 5 9 1040 2.13 
Thamnophilus amazonicus divaricatus/cinereiceps 4 14 1028 3.58 
Epinecrophylla gutturalis/E. haematonota 4 6 1033 6.82 
Herpsilochmus dorsimaculatus E/ W* 6 6 1037 2.23 
Hypocnemis cantator/H. flavescens 11 20 1002 5.54 
Cercomacra c. immaculata/cinerascens 5 10 1039 1.91 
Percnostola r. rufifrons /minor 9 7 1023 5.07 
Formicarius colma E/W* 8 8 1041 2.47 
Tolmomyias assimilis examinatus/neglectus 9 5 1032 5.01 
Tyranneutes virescens/T. stolzmanni 5 5 1039 7.20 
Schiffornis turdina olivacea/amazonus 14 12 1018 8.83 
Hylophilus ochraceiceps luteifrons/ferrugineifrons 7 12 1039 9.62 
Microcerculus b. bambla/albigularis 3 7 1021 8.40 
Pheugopedius c. coraya/griseipectus 7 12 1025 8.57 
Euphonia cayennensis/E. rufiventris 3 3 1040 6.43 
* Population pairs with genetic structure across rivers, but no clear phenotypic variation.  
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Table 3.10. Hyper-posterior estimates and 95% confidence intervals across two rivers for two 
tolerance values (0.0005 and 0.001 that represent the acceptance of 500 and 1000 posterior 
values). 
 a) Rio Negro 
Estimate 
(tol=0.0005) 
Quantiles (%) Estimate (tol=0.001) Quantiles (%) 
 
Hyper-
parameters 
mode mean median 0.025 0.097
5 
mode mea
n 
median 0.025 0.0975 
! 2 3.20 3.0 1 10 1 3.08 2 1 10 
 0.006 0.15 0.13 0 0.49 0.003 0.13 0.10 0 0.46 
E(t) 0.17 0.15 0.15 0.04 0.28 0.147 0.14 0.14 0.02 0.28 
Var.t 8e-4 0.03 0.02 0 0.10 6e-4 0.02 0.01 0 0.10 
 
b) Rio Branco 
Estimate 
(tol=0.0005) 
Quantiles (%) Estimate  
(tol=0.001) 
Quantiles (%) 
 Hyper-
parameters mode mean median 0.025 0.0975 mode mean median 0.025 0.0975 
           
! 5 11.46 11 2 22 9 11.63 11 2 22 
 0.17 0.16 0.16 0.05 0.26 0.16 0.17 0.17 0.05 0.27 
E(t) 0.41 0.39 0.39 0.28 0.50 0.40 0.39 0.40 0.28 0.50 
Var.t 0.065 0.06 0.06 0.02 0.11 0.06 0.07 0.07 0.01 0.11 
 
Rivers as Current Biogeographical Barriers 
Both rivers under examination are significant biogeographical barriers and should be rated 
among the top five most important Amazonian riverine barriers for birds, along with the Amazon 
itself, the Madeira, and the Tapajós rivers (see Haffer, 1987).  The Rio Negro has been known as 
a barrier to animals for more than 150 years (Wallace, 1852), yet this study is one of the first to 
show that the patterns observed by the British explorer, based on phenotypic characters, are 
supported by genetic data.  Capparella’s (1988) pioneering study along the Rio Napo linked 
phenotypic and genotypic variation across rivers for the first time, but his dataset consisted of 
only five species of understory birds and was too limited for generalizations.  Here, I presented 
similar results using genetic data on ~60 bird species or species pairs from 24 different avian 
families. 
Phenotypic data presented in the two previous chapters show that more than 90 pairs of taxa 
replace one another along the lower Rio Negro, making it the most important biogeographical 
! 
"
! 
"
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barrier in the Guiana Shield.  The Rio Branco, on the other hand, has only recently been 
proposed as an important biogeographical barrier (Naka et al., 2006, 2010), and the genetic data 
here presented strongly support previous observations by confirming the importance of this river 
as a current barrier to gene flow.  Levels of genetic divergence across rivers (and between 
phenotypically distinct populations) are much higher than those within similar-looking 
populations across interfluvia.  Thus, large areas lacking genetic structure are abruptly broken by 
the presence of a river.  This has been previously observed in many species-level phylogenies 
(Cohn-Haft 2000; Aleixo, 2002; Marks et al., 2002; Fernandes, 2007; Nyári 2007) and seems to 
be the general pattern in Amazonia.  Most population pairs that show phenotypic differentiation 
are also reciprocally monophyletic, further supporting the role of rivers as current and historical 
barriers to gene flow.  Mean levels of corrected genetic distances between pairs of taxa across 
phenotypically distinct populations) are much higher than those within similar-looking 
populations across interfluvia.  Thus, large areas lacking genetic structure are abruptly broken by 
the presence of a river.  This has been previously observed in many species-level phylogenies 
(Cohn-Haft 2000; Aleixo, 2002; Marks et al., 2002; Fernandes, 2007; Nyári 2007) and seems to 
be the general pattern in Amazonia.  Most population pairs that show phenotypic differentiation 
are also reciprocally monophyletic, further supporting the role of rivers as current and historical 
barriers to gene flow.  Mean levels of corrected genetic distances between pairs of taxa across 
rivers are highly variable (ranging from virtually 0 to ~13%), and no patterns are apparent from 
the data. I cannot discount, however, that this might simply be the consequence of the low 
resolution of single mitochondrial markers in estimating divergence time (Arbogast et al., 2002).   
Levels of Gene Flow at the Headwaters  
The main criticism of the ‘riverine barrier hypothesis’ might be that full speciation and 
reproductive isolation could not be attained if populations are not completely isolated, and that 
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populations divided by the wide sections of Amazonian rivers come into contact at the 
headwaters (Haffer, 1978; 1987; 1993; 1997a; 2001).  Gene flow, the transfer of alleles from one 
population to another, can effectively homogenize populations and potentially delay, or even 
prevent, the diversification process (Endler, 1977).  However, the degree of gene flow needed for 
preventing speciation is still uncertain (Porter & Johnson, 2002).  In recent years, several 
examples of speciation with gene flow have emerged (Niemiller et al., 2008), and such examples 
may be more common than previously thought (Nosil, 2008).  Despite the possibility of 
speciation with gene flow, extensive gene flow clearly can affect the speciation process in 
 
Fig. 3.3. Posterior probability densities for ! (number of possible divergence times) given Y 
pairs of taxa.  Estimates are based on 3,000,000 simulations (draws from the hyperprior) and 500 
draws from the joint posterior. 
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Fig. 3.4.  Joint posterior probability densities for E(t) and !, using the approximate Bayesian 
computation estimator in MTML msBayes.  Tolerance values were set to 0.000166 in order to 
obtain ~500 posterior values from the 3,000,000 draws from the priors. 
 
several ways.  Therefore, it remains important to determine how widespread is the admixture of 
largely isolated populations that can potentially come into contact. 
The headwaters of Amazonian rivers are one of the last frontiers in Neotropical 
biogeography, and little is known from these regions.  In the next chapter, I will show that many 
areas of contact cluster at the headwaters of the Negro and Branco rivers.  This contact, however, 
seems to translate rarely into admixture of populations.  Three cases suggest the presence of 
extensive hybrid zones on the Rio Negro basin, two of which have been studied by Haffer (1974) 
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in detail and involved two pairs of Ramphastos toucan subspecies, and one which is under 
current study that involves two subspecies of Xiphorhynchus woodcreepers (C. A. Marantz, pers. 
comm.).  Cases of occasional hybridization seem to be more common, in that I found a few 
intermediate-looking specimens in populations that otherwise looked “pure” in at least 10 other 
pairs of taxa, including three in the Ramphastidae, three in the Picidae, and three in the 
Thamnophilidae, the latter all closely related and forming a well supported ant-following clade 
(Brumfield et al., 2007).  Given the wide array of taxa investigated, it seems surprising that 
putative hybrids are concentrated largely in three families.  Although preliminary, these data 
suggest that some common characters might influence the likelihood of hybridization between 
pairs.  In the cases above, weak sampling prevents knowing whether these represent isolated 
hybridization events or examples of well-established hybrid zones. 
Levels of Genetic Differentiation Along the Rio Negro 
The lower and wider sections of Amazonian rivers are thought to represent stronger 
biogeographical barriers than do their narrower headwaters (Beven et al., 1984; Ayres & 
Clutton- Brock, 1992; Haffer, 1992; Hayes & Sewlal, 2004).  Whereas the lower Amazon 
divides ~150 pairs of avian taxa, the upper Amazon (the Marañón river) acts as a barrier to fewer 
than 20 taxa (Haffer, 1978).  In the case of the Rio Negro, the number of taxa divided by the 
lower section of the river (~90 pairs) is also much higher than the number divided by the upper 
portion of the river (15 pairs) (see chapter 2 and 3).  This is hardly surprising, given that whereas 
the lower Negro can reach up to 20 km in width, the middle and upper Negro are much narrower 
and have two extensive fluvial archipelagos that could serve as dispersal stepping-stones for the 
avifauna (Cintra et al., 2007), although it remains unclear whether there is any gene flow through 
those islands.   
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Despite the obvious reduction of the number of taxa divided by the upper portions of rivers, 
it remains largely untested whether the pairwise levels of genetic divergence decrease clinally 
towards the headwaters, as previously suggested (Haffer, 1993, 1997a; Ayres & Clutton-Brock, 
1992; Patton et al., 1994, 1996; Patton & Silva, 1998; Silva & Patton, 1998; Gascon et al., 
2000).  The expected genetic homogenization of populations towards the headwaters was first 
shown in a population of Saddle-back Tamarins (Saguinus fuscicollis) along the Rio Juruá (Peres 
et al., 1996), but this was not found in a group of spiny rats (Patton et al., 1994) or in a species of 
poison-dart frog along the same river (Lougheed et al., 1999).  Unfortunately, the Rio Juruá, 
where extensive sampling has occurred (Patton et al., 1994; Patton et al., 2000; Gascon et al., 
2000), is not a good choice for biogeographical studies, because this river is not known as an 
important biogeographical barrier (Haffer, 1997a). 
Here, I showed that at a community level, taking into consideration 37 species (or species 
pairs) along the Rio Negro, genetic distances between the lower and the upper Rio Negro are 
highly significant, with a reduction in divergence towards the headwaters.  This phenomenon, 
however, is not clinal, and appears to simply represent the function of having many taxa that do 
not reach the upper sections of the Rio Negro.  When comparing only the 14 pairs divided along 
the entire river, I found no evidence of genetic homogenization towards the headwaters.  
Therefore, whereas in general fewer taxa are divided on the upper portions of a river, levels of 
genetic divergence are not lower in these regions, and they do not decrease clinally towards the 
headwaters, as predicted by Haffer (1997a).  Thus, pairs remain genetically distinct from the 
mouth of the river up to the upper section.  It is possible that the upper Rio Negro does not 
accurately represent the headwaters, and that farther upstream populations coalesce, although 
this is not evident from the morphological data.  It could also be argued that mitochondrial genes 
are not appropriate to assess homogenization of populations, because each individual will only 
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have a maternal copy of the mitochondria (and all its genes).  Homogenization, however, would 
still be apparent by clinal phenotypes and more intermediate-looking birds, but this is not found 
along the Rio Negro.  
Unfortunately for a comparative analysis, there are no similar studies from elsewhere in 
Amazonia.  Although Bates et al. (2004) found that six of 10 avian populations showed breaks 
across the Rio Teles Pires (which could be considered the headwaters of the Rio Tapajós), they 
did not have samples from the lower portion of the Tapajós for comparison.  Aleixo (2002) 
found no signs of gene flow between sister clades of a woodcreeper species at the headwaters of 
the Xingú and Tapajós rivers.  The current investigation represents the first case study but of just 
one Amazonian river. The data presented here strongly suggest that avian populations are not 
more similar (genetically) at the headwaters than across the mouth of an extensive river such as 
the Rio Negro. 
Testing for Simultaneous Divergence  
Distinguishing between simultaneous and non-simultaneous divergence using comparative 
phylogeographic datasets remains one of the most challenging goals of statistical 
phylogeography.  Although multi-locus data can greatly improve parameter estimates, extensive 
simulations on single-locus datasets have shown that they perform extremely well under 
hierarchical ABC approaches (Hickerson et al., 2007; Hickerson & Mayer, 2008; Carnaval et al., 
2010).  Instead of obtaining multiple parameters for a number of genes, HABC achieves this by 
pooling information across groups without assuming that they come from similar populations 
(Hickerson & Mayer, 2008).  This method estimates temporal congruence across groups by 
obtaining information from the entire sample. According to Gelman and Hill (2007), the use of 
hierarchical models "borrows strength" from the dataset, which means that “sub-parameter 
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estimates (!) are pooled together from hyper-parameter estimates of ", rather than estimated 
independently from each phylogeographic dataset” (Hickerson & Mayer, 2008). 
Several lines of evidence suggest that the history of the taxa divided by the Rio Branco 
differs from those divided by the Rio Negro.  First, the values of Psi (number of possible 
divergence times) are higher for the Rio Branco.  Whereas a scenario of one or two vicariant 
events is consistent with the simulations for the Rio Negro, such a scenario is not supported by 
the Rio Branco dataset.  Differences in values of Psi have been important in the inference of two 
waves of diversification in mammals and reptiles in Baja California (Leache et al., 2007) and 
represent one of the most important pieces of information provided by ABC approaches.  
Second, the values of the mean time of divergence (E(t)) suggest that the pairs of taxa divided by 
the Rio Branco are more than twice as old as those divided by the Rio Negro.  Although the 
estimates of E(t) are relative to each other, they are clear in this difference.  Finally, the values of 
!, the ratio between the variance and the mean, tend towards zero when divergence times are 
equal for all pairs of taxa.  Therefore, having 20% of the values of ! as zero for the Rio Negro 
dataset supports a history of simultaneous divergence.  On the other hand, this was not found 
across the Rio Branco, and no value of ! equaling zero was selected in the 500 posterior values.  
 Hyper-posterior estimates and 95% confidence intervals across both datasets remained 
similar under different tolerance values; therefore, it seems that whether 500 or 1,000 accepted 
posterior values were used did no change the conclusions.  Similarly, I ran three independent 
simulations, each with 1,000,000 draws from the prior, and all resulted in very similar joint 
posterior densities for E(t)(mean divergence times), !, and " (number of possible divergence 
times) (Appendices E, F).  The strength of results using different priors and parameters has been 
found in simulations (Hickerson et al., 2007) and suggests that the analyses are robust to changes 
in such parameters. 
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The Role of Rivers in the Speciation Process 
Rivers potentially play an important role in the evolution of vertebrate diversification in 
Amazonia.  Their ubiquitous presence in the Amazon and their role in defining current 
distributions is unmatched by any other landscape feature in the region.  The predictions of the 
‘riverine barrier hypothesis’, however, obtained mixed support from the data, and these seem to 
differ for the two rivers investigated.  This is not surprising, however, given that the Branco and 
Negro rivers differ in their history, ecology, and hydrology.   
The history of the Rio Branco region seems to have been much more traumatic that most of 
Amazonia, with severe arid periods that affected large areas currently covered by forest.  The 
Pleistocene history in the Rio Branco basin seems to be in concert with the refuge-driven 
Amazon envisioned by Haffer (Schaeffer & Vale, 1997; Ab’Saber, 1997).  The presence of large 
savannas (the largest in Amazonia), extensive areas covered by white-sands, and the existence of 
paleo-dunes seem to support the idea that this region has been exposed to climatic fluctuations 
(Latrubesse & Nelson, 2001; Carneiro Filho et al., 2002), although this remains controversial 
(Colinvaux et al., 2000).  Furthermore, the Pleistocene origin of the Rio Branco (Schaeffer & 
Dalrymple, 1995) would strongly argue against a role of this river in the diversification of the 
avifauna, given that the high levels of genetic differentiation found in many pairs of avian taxa 
across its margins would not be consistent with such a recent origin.  Furthermore, from the nine 
pairs of taxa that replace across the Branco for which species-level phylogenies are available 
(Table 3.3), only in two cases are these populations each other’s closest relatives.  Coalescent 
simulations also suggest several independent diversification events and argue against 
simultaneous diversification.  Therefore, although the Rio Branco represents an important 
biogeographical barrier that plays a role in maintaining current levels of biodiversity, it seems 
clear that it was likely not involved in the diversification process of those pairs of taxa it divides.  
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These results suggest a scenario in which the Rio Branco is simply the natural meeting point for 
taxa that diverged elsewhere and subsequently spread to their present opposite-bank positions 
(Simpson & Haffer, 1987; Haffer, 1992).  Furthermore, the Rio Branco is not the only landscape 
feature in the region to divide avian populations of closely related but phenotypically distinct 
pairs of taxa.  Savannas, campinas, flooded forests, and a mountain chain seem also to play 
significant roles in defining present-day distributions (see previous chapter). 
The history of the Rio Negro is less known than that of the Rio Branco.  However, the actual 
origin of the Rio Negro seems to be older and more related to other tectonic and 
geomorphological changes in Amazonia.  Although palaeohydrological data are scarce and still 
fragmentary in Amazonia (Latrubesse, 2003), there is some consensus that the Amazon river 
probably obtained its present configuration on the Late Miocene-Pliocene  (c. 2.6-7 mya) (Irion 
& Kalliola, 2010).  On the other hand, Campbell and co-workers (2006) have suggested an 
earlier date for the present Amazon configuration, which could be as late as the Late Pliocene - 
Early Pleistocene (~2 mya).  The lack of consistent dates on the origin of most Amazonian rivers 
(Hoorn & Vonhof, 2006) prevents us from testing explicit historical hypotheses.  Therefore, to 
create a plausible scenario that would account for the diversification process that created modern 
biodiversity is difficult.   
Some of the evidence arguing against a role of the Rio Branco in the process of avian 
diversification, however, has not been found for the Rio Negro.  For example, five of six species-
level phylogenies of pairs of taxa that replace along the entire Rio Negro are each other’s closest 
relatives (Table 4.2), and importantly, coalescent simulations are consistent with a single 
vicariant event (although two vicariant events are nearly as probable).  This means that we 
cannot reject the possibility that the Rio Negro, besides being the most important 
biogeographical barrier in the Guiana Shield and possibly the second most important Amazonian 
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river in terms of the number of taxa that divides, may have played a role in the original 
diversification of those taxa.  Those simulations, however, were performed on only 14 pairs of 
taxa that replace one another along the entire extension of the Rio Negro.  At least another 75 
pairs that replace each other across the lower Rio Negro were not included in the analyses.  The 
lack of even coarse time estimates of the origin of the Rio Negro also prevented me from 
explicitly testing the likelihood of this river existing prior to the avian populations that it divides.  
Below, I include the predictions of the ‘riverine barrier hypothesis’ and their support from the 
available data. 
Do replacement patterns cluster along rivers, rather that within interfluvia? Most 
phenotypically distinct populations studied here replace each other across the lower Rio Negro, 
but at least 15 pairs of the replacing pairs meet in the Branco/Negro interfluvium (see chapter 4).  
The rivers’ headwaters, particularly on the Rio Branco, act as a connection between ‘Guianan 
endemics’ and western Amazonian taxa.  In this region, however, rivers are not the only 
landscape features that seem to coincide with avian distribution limits; non-forested habitats 
(savannas and campinas), smaller rivers, and mountains also seem to play an important role (see 
chapter 2).  These observations are consistent with Haffer’s view that Amazonian rivers 
represented natural suture zones upon expanding populations that came into secondary contact 
within interfluvia (Haffer, 1974, 1978, 1992, 1997a, 2002; Simpson & Haffer, 1978). 
Are pairs of taxa each other’s closest relatives? Although species-level phylogenies are 
currently available for only a limited group of taxa, this number is rising quickly, and we are 
now in a position to evaluate this question using nearly 20 pairs of taxa with replacements across 
the lower Rio Negro (see Table 4.2).  Among these pairs, it is evident that at least half are not 
sister taxa.  It is questionable, however, whether a non-sister relationship invalidates a history of 
primary diversification as previously suggested (Haffer 1993, Moritz et al., 2000).  The 
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evolutionary process is a continuous one and as such does not stop after a given vicariant event.  
Therefore, despite being separated by a common barrier in the past, it is possible that each 
population continued its evolutionary history and that subsequent diversification events blur the 
role of a primary barrier.  On the other hand, distantly related pairs are likely the result of 
secondary contact, and that seems to be the case in many of the pairs under investigation.  
Fortunately, the number of species-level phylogenies is increasing, and in a few years, we will 
have a better understanding of the historical processes involved in their divergence.  
Does the genetic differentiation between populations across rivers decrease towards the 
headwaters? Although the lower portions of the Rio Negro divide more species, and therefore 
have larger values of genetic divergence as a whole, levels of genetic divergence are not clinally 
reduced towards the headwaters.  In fact, clinal reduction has not been shown for any Amazonian 
river so far.  
Are pairs of co-distributed taxa across the two rivers the result of simultaneous 
divergence?  Coalescent simulations suggest different results for the two rivers studied, strongly 
arguing against simultaneous divergence for pairs across the Rio Branco, but supporting few 
diversification events accounting for the diversification across the Rio Negro.  These results 
suggest that rivers are likely to have their own idiosyncratic histories, and that generalizations 
are not warranted.  Similar studies need to be performed across more Amazonian rivers to find 
common historical patterns. 
Is the inferred timing of divergence across pairs posterior to the formation of the 
rivers? Biogeographical studies on Amazonian rivers often neglect one fundamental piece of 
information: the age of the rivers under investigation. Fortunately, the two rivers under study in 
this chapter represent two dramatically different histories in terms of their geomorphological 
features and time of formation.  Whereas the Rio Negro is a craton river, and as such is 
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characterized by channel-dominated processes in which sand deposition takes place in the form 
of sand bars within river channels (Hoorn et al., 2010), the Rio Branco is thought to be of a much 
more recent origin, possibly Pleistocene, and the result of a recent capture of an entire protobasin 
that drained towards the Essequibo River (Schaefer & Vale, 1997).  If these estimates are 
accurate, then current levels of genetic divergence across pairs could hardly be consistent with 
such a recent origin. 
Final Remarks on Diversification 
The data from the Guiana Shield, where two of the most biogeographically important 
Amazonian rivers are located, offer mixed answers in our quest to understand vertebrate 
diversification processes.  Rivers as different as the Negro and Branco show comparable levels 
of biogeographical importance.  This suggests that independently of a river’s origin and 
geomorphology, large Amazonian rivers are powerful barriers to many animals.  This, however, 
is not universal, as nearly two thirds of the region’s avifauna is not bounded by any river, and 
their populations extend unbroken throughout the Guiana Shield. 
Acting as single vicariant events upon continuous populations, however, is not the only way 
rivers may affect the speciation process.  Large Amazonian rivers could also act as barriers after 
dispersing individuals (founders) establish new populations on ‘empty territory’ (Haffer, 1978, 
1987, 1993, 1997a, 2001).  If these founders manage to establish viable populations and are 
isolated long enough, then they could create a biogeographical pattern with many pairs each 
diverging at its own pace.  Two problems with this alterative hypothesis are that: i) the inferred 
age of the pairs should still be younger than the formation of the rivers, and this does not seem to 
be the case, particularly on the Rio Branco, and ii) it would still be expected that taxa across 
rivers would not be distantly related, as seen in several of the pairs under investigation.  
Therefore, this alternative seems to be less likely than the original ‘riverine barrier hypothesis’. 
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Another variant of the ‘riverine’ hypothesis is the ‘river-refuge hypothesis’ (Ayres, 1986; 
Capparella, 1991; Ayres & Clutton-Brock, 1992), under which rainforest contractions on the 
Amazon’s periphery, could isolate forest-dwelling animals in `semi-refugia' between the wide 
lower courses of rivers (see Fig 3.5).  This model, dismissed by Haffer (1997a) as less likely than 
the ‘refuge hypothesis,’ has one particular advantage over the ‘riverine barrier hypothesis’, 
because it could explain present distributional patterns in the rivers’ headwaters, where 
successive forest expansions would have created areas of secondary contact at the headwaters.  
Differential dispersal abilities and pair-specific histories would locate each contact zone in one 
particular region, although they would cluster at the headwaters.  Sister relationships between 
every taxon pair would not be expected, because not every interfluvium would be isolated at the 
same time, thereby creating idiosyncratic patterns of gene flow between pairs.  
 
Fig. 3.5. Schematic representation of the ‘river-refuge hypothesis’, where reduction of forests 
would only occur in Amazonian peripheral areas, and populations would remain isolated along 
the lower (and wider) stretches of Amazonian rivers (from Haffer, 1997a). 
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CHAPTER 4 
THE ROLE OF GEOGRAPHIC AND ECOLOGICAL BARRIERS IN THE 
LOCATION OF AVIAN CONTACT ZONES AND PHYLOGEOGRAPHIC 
BREAKS IN THE GUIANA SHIELD 
 
INTRODUCTION 
Allopatric speciation, or speciation by geographic isolation, is considered the main mode of 
diversification among vertebrates (Coyne & Orr, 2004; Price, 2008).  Under this model, 
biological populations are physically isolated by an extrinsic barrier and subsequently evolve 
intrinsic (genetic) reproductive isolation mechanisms (Mayr, 1963).  Therefore, understanding 
the factors that limit sympatry in closely related taxa provides an important framework to 
understand evolutionary processes.   
The formation of boundaries and the role of geographic and ecological barriers to gene flow 
and dispersal can be studied along phylogeographic breaks where the distributions of distinct, yet 
closely related taxa, come close together but remain isolated along sharply defined regions, 
usually as a result of a physical barrier (Avise, 2000; Coyne & Orr, 2004).  When barriers are 
absent, pairs of taxa can potentially come into actual contact, forming areas known as contact 
zones (Mayr & O’Hara, 1986).  Populations that come into contact can either interbreed or 
remain reproductively isolated, and in some cases they may form stable hybrid zones, where 
genetically distinct populations meet, mate, and breed (Barton & Hewitt, 1985).  The outcome of 
secondary contact between these populations depends on whether they have evolved enough 
changes (genetic, morphological, or behavioral) to restrict interbreeding sufficiently to remain 
distinct.  Populations that remained isolated for longer periods of time are more likely to have 
attained reproductive isolation (Coyne & Orr, 1989).  Therefore, the outcome of secondary 
contact may be directly related to the time of isolation (Mayr & O’Hara, 1986), which can be 
indirectly measured by levels of genetic divergence (Coyne & Orr, 1989, 2004; Foltz, 1997). 
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Together, phylogeographic breaks, contact zones, and hybrid zones offer complementary 
views of the past and present of a region’s biota, offering hints about factors important for the 
generation and maintenance of species diversity.  Some geographic regions, known as suture 
zones, are of particular interest, because they mark areas with disproportionally high numbers of 
phylogeographic breaks, contact zones, and hybrid zones (Anderson, 1948; Remington, 1968; 
Swenson & Howard, 2004, 2005).  These regions are particularly interesting for biological 
studies, because they allow the use of multiple species and independent lineages in a 
comparative framework. 
A prominent avian suture zone is found on the Guiana Shield, in northern Amazonia, where 
two distinct avifaunas meet within a relatively small geographic area (Haffer, 1974; Naka et al., 
2006; chapter 2).  In this region, defined by two important Amazonian rivers (the Rio Branco and 
the Rio Negro) nearly 100 pairs of closely related, forest-dwelling avian taxa replace one another 
geographically (see chapters 2 and 3).  Within the Branco/Negro interfluvium some pairs exhibit 
sharp phylogeographic breaks without evidence of direct contact, others have contact zones but 
no evidence of hybridization, and others from hybrid zones where they come into contact.  The 
valleys of the Branco and Negro rivers and their interfluvium have been previously identified by 
Haffer (1974; 1987) as having “many contact zones” and separating “conspicuously different 
eastern and western populations”, but little is known about the exact locations of these areas, and 
no quantitative or molecular studies are available to define the regions of contact.  Furthermore, 
little is known about the interactions in those regions where pairs of closely related taxa come 
into contact.  In fact, studies of the Amazonian suture zones are few at the community level for 
any biotic group (but see Haffer, 1997b; Whinnett et al., 2005).  
The location of suture zones and their relation to the origin and rearrangement of species 
distributions has captured the attention of biologists in temperate regions since the mid 20th 
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century, when Anderson (1948) suggested that North American hybrid zones clustered along 
hybrid landscapes.  Hybrid landscapes could either result from human interference or from 
natural transitional areas, such as “tension zones” or ecotones (Barton & Hewitt, 1985).  
Remington (1968) hypothesized that suture zones should cluster along mountain foothills, and 
particularly within midpoints between putative refugia, following post-glacial biological 
expansions.  Contemporary ideas on hybrid zones suggest that they cluster along mountain 
passes and are the result of glacier retreats, invoking similar causes for the location of suture 
zones in Europe and North America (Hewitt, 1996; 1999).  In general, climatic changes and 
physical barriers seem to be responsible for current distributional patterns in temperate zones 
(Graham et al, 1996; Hewitt, 2004; Peters et al., 2005; Swenson & Howard, 2005; Price, 2010).  
In Amazonia, where mountain chains do not represent major biogeographical barriers, and 
where ice sheets apparently did not affect the landscape directly (Bush, 1994; Colinvaux, 1997; 
Colinvaux et al., 2000), analogous ideas have been put forward to explain the location of suture 
zones.  Instead of mountains, large Amazonian rivers have been invoked as barriers (Wallace, 
1852; Sick, 1967; Hershkovitz, 1977; Capparella, 1988; Ayers & Clutton-Brock, 1992), and 
forest refugia within savannas rather than within glaciers were suggested to be important in the 
present distribution of contact zones (Haffer, 1969; 1974; Brown & Ab’Saber, 1977).  Similarly, 
headwaters of large rivers (rather than temperate mountain passes or foothills) may represent 
natural places where pairs of allopatric taxa could come into secondary contact.  
Physical barriers are not the only causes of distribution breaks.  The location of distribution 
boundaries could be defined by sharp changes in climatic variables or ecological gradients 
(Endler 1977, 1982a; Schneider et al., 1999), biotic interactions (Hutchinson, 1957; Case & 
Taper, 2000; Anderson et al., 2002), or simply by historical factors (Gaston, 2003; Hawkins & 
Porter, 2003).  Therefore, history, geography, and ecology are powerful forces that could act in 
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concert to define the geographic location where closely related pairs of taxa separate, meet, or 
interbreed (Endler, 1982b; Wiens & Donahue, 2004; Case et al., 2005).   
In recent years, the development of ecological niche models (ENMs), based on species 
occurrence data and the availability of environmental data from virtually every corner of the 
planet (Guisan & Zimmermann, 2000; Peterson, 2001), has allowed the use of ENMs in 
evolutionary biology and has catalyzed studies on the role of ecology in the speciation process 
(Peterson et al. 1999; Graham et al. 2004; Kozak & Wiens, 2006; Swenson, 2008).  Using ENM 
frameworks, levels of divergence, overlap, breath, and similarity in the ecological niches of pairs 
of closely related taxa can be quantified and evaluated (Warren et al., 2008).  The influence of 
topography, temperature, rainfall, and other abiotic factors on the location of contact zones and 
phylogeographic breaks can also be investigated by using null models and spatially explicit 
approaches (Costa et al., 2008; Swenson, 2008; Warren et al., 2008; McCormack et al., 2009).  
Alternatively, in the same way that species richness gradients can arise through simple 
geometric constraints on species range boundaries in the absence of any environmental gradients 
(Colwell et al., 2004), clusters of contact zones and phylogeographic breaks could peak in the 
center of a given region because of the ‘mid-domain effect’, independently of any 
environmental, historic, or biotic factors (Colwell & Hurtt, 1994; Colwell & Lees, 2000).  
Disentangling the role of these forces remains one of the most challenging issues in evolutionary 
biology (Gaston, 2003; Swenson, 2008) but needs to be taken into consideration for 
understanding current patterns of geographic distributions.  
In this chapter, I make use of an extraordinary biogeographical setting in one of the most 
biologically diverse regions on earth to study the role of physical barriers and ecological factors 
in the location of avian contact zones and phylogeographic breaks using ~80 pairs of closely 
related avian taxa.  In particular, I describe the geographical location of avian contact zones and 
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phylogeographic breaks in the terra firme forests of the Guiana Shield and address the following 
questions: i) are contact zones and phylogeographic breaks geographically clustered? ii) are they 
associated with obvious physical features? iii) what role, if any, is played by ecological factors? 
and iv) can they be explained by geometric constraints of the study area (‘mid-domain effect’)? 
The answers to those questions lead us naturally to address further questions, which include: v) 
what is the outcome of secondary contact (hybridization and introgression, parapatric exclusion, 
or sympatry) in pairs of closely related taxa that come into contact? And vi) is this outcome 
associated with the time of species divergence, as inferred from molecular data? 
To answer these questions, I used a combination of distributional and molecular data 
obtained from two large independent datasets that include ~28,000 locality records of nearly 200 
taxa from museum specimens and field records and ~1,500 mtDNA sequences from the study 
region.  These data were integrated using geographic information systems (GIS) mapping tools 
and a phylogeographic approach.  I also used recently developed spatial analytical tools to assess 
data clustering, and I used ENMs to test whether environmental variables are related to the 
distributional patterns observed.  
METHODS 
Study Area 
The Guiana Shield, 2.5 million km2 in size, covers much of northern South America north of 
the Amazon River and east of the Japurá-Caquetá rivers, ranging from the Brazilian state of 
Amapá on the Atlantic Ocean to the Sierra de Chiribiquete near the Colombian Andean foothills 
(Conservation International, 2003; Hammond, 2005b).  Most of the Guiana Shield is covered by 
pristine lowland terra firme forests, but large areas are dominated by open vegetation types, such 
as savannas and white-sand forests, and flooded forests generally border the rivers (Naka et al., 
2006; 2007).  The Guiana Shield also stands as one of the most environmental and 
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topographically complex areas of the entire Amazon, where savannas, campinas (white-sand 
forests), flooded forests, terra firme forests, and the spectacular table-top mountains known as 
tepuis intermingle in a fashion hardly seen elsewhere in Amazonia (Hammond, 2005a; Naka et 
al., 2006).  For more information of the Guiana Shield and its avifauna see Chapter 2.  A more 
detailed description of the two river systems involved in this chapter was presented in Chapter 3. 
Selection of Taxa and Distributional Database  
I created a preliminary list of pairs of taxa (species or subspecies) that replace each other 
geographically and ecologically in the terra firme forests of the Guiana Shield.  I based this list 
on distributional data from my own fieldwork in the region, but mainly from the traditional 
ornithological literature, including the works of Hellmayr (1929-1938), Peters et al., (1931-
1986), Zimmer (1933-1944), Hellmayr & Conover (1942-1949), Pinto (1978), and more recent 
compilations such as del Hoyo et al. (Vols. 1-12, 1992-2008).  Species order and classification 
follow the most updated taxonomic revision available (Remsen et al., 2010).   
One major concern in spatial analyses of multiple species is to obtain accurate digital maps 
that can be used to identify distribution patterns.  Such maps are not available at the level of 
detail necessary for this study, especially for those pairs of taxa presently considered different 
subspecies within a polytypic species.  Therefore, I had to build my own maps for each pair of 
taxa.  With that in mind, I assembled a large distributional dataset, based on museum specimens, 
published sources, audio recordings, and field data obtained from several museums, my own 
fieldwork in the region, and unpublished distributional data from colleagues (see chapter 2).  At 
present, this database has over 28,000 records for ~200 taxa, including all pairs studied here.  
Most locality points were already georeferenced, but when geographic coordinates were not 
available from collection databases, I used national gazetteers (e.g., Paynter & Traylor, 1982, 
1991; Paynter et al., 1981) to obtain geographic coordinates as accurately as possible.  Between 
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2001 and 2008 I conducted extensive fieldwork in the region, carrying out general avian surveys, 
collecting specimens, and recording vocalizations. Specimens and recordings were deposited at 
the INPA bird collection and the Amazonian Sound Archive (ASA). For a more complete 
description of the sources of the database, see chapter 2.   
Georeferenced distributional data were archived in Microsoft Access 2007 and later imported 
into ARCVIEW 9.3.1 (Environmental Systems Research Institute, 2009) to build the maps.  Some 
pairs of taxa described in the literature could not be securely diagnosed (separated) from museum 
specimen evidence alone.  If molecular data was available for this pair, then I relied exclusively 
on molecular evidence to assess their phylogeographic breaks.  Described pairs for which I had 
too few samples to create distributional maps were not included in these analyses. 
Subspecies identification from collections required care.  Given the large amount of data, it 
was not feasible to check every specimen.  I focused on checking specimens from Brazil (INPA 
and MPEG) and Venezuela (COP and CBRG), and I personally studied many of the specimens 
mapped.  In addition, curators and collection managers from several institutions kindly reviewed 
specimens under their care.  Because pairs often exclude one another geographically, I visually 
checked for potential identification errors by displaying each pair geographically.  I paid close 
attention to specimens that fell within the range of its sister taxon and also to specimens located 
near putative contact zones, where either member of a pair could be present. 
Mapping the Location of Phylogeographic Breaks and Contact Zones 
• Phylogeographic Breaks.  I used the distributional dataset to define each pair’s 
morphological break.  Because patterns of phenotypic variation was shown to be highly 
concordant with the geographic  structure of the genetic marker studied (see chapter 3), I refer to 
these plumage breaks as phylogeographic breaks, although I am aware that this term is generally 
used as a population genetic phenomenon.  To map phylogeographic breaks, I included each pair 
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of taxa in a single map and created a break polygon for each pair.  A polygon is superior to a line 
in this case because it allows the inclusion of the uncertainty in the position of the break due to 
incomplete sampling.  Within the polygon the two forms replace one another.  Therefore, each 
pair of taxa resulted in a polygon that separated their easternmost (for western taxa) and 
westernmost (for eastern taxa) records of each pair (Fig. 4.1).  When fieldwork or available 
specimens indicated that a given pair replaced each other across a river or other obvious physical 
barrier, I represented the break as a polygon encompassing the extent of the barrier within the 
study area.  
 
Fig. 4.1. Example of a phylogeographic break polygon (in red) created from the distributional 
data to represent the region where two taxa divide. 
 
• Contact Zones.  I used the distributional dataset to define which pairs come into direct 
contact.  Pairs were considered ‘in contact’ if they i) occur in sympatry (actual contact), ii) 
hybridize, or iii) occur in parapatry (potentially in contact).  I considered ‘parapatric’ those pairs 
of taxa that have been recorded at nearby localities (<100 km) and which have no obvious 
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physical barrier between their nearest specimen localities.  To map contact zones, I created a 50-
km buffer around the point of contact (location of syntopy or putative hybrid), providing 
independent 50-km-radius circles around each point.  For those pairs in potential contact (i.e., no 
actual point is known to be a meeting point), I used the midpoint in between records as the 
potential point of contact, creating 50-km buffer circles around this point.  
Clustering and Geographic Constraints  
I used two different methods to assess whether phylogeographic breaks and contact zones 
were geographically dispersed or clustered throughout the study area.  I first used the Getis-Ord 
general G (Global) statistic, which can be calculated within ARCVIEW and has been successfully 
used to map suture zones in North America (Swenson & Howard, 2004, 2005).  The general G 
statistic identifies whether high or low grid cell values cluster across the landscape (Getis & Ord, 
1992; Ord & Getis, 1995), but does not identify the location of these clusters.  Given that I found 
significant values of clustering, I used the local G statistic to detect the locations of these 
clusters.  To conduct the analyses, I converted both polygons (phylogeographic breaks) and 50-
km radius circles (contact zones) into raster layers at a resolution of 5 minutes (10-km cells).  
Raster layers for each pair of taxa were then overlaid, resulting in a map layer that had the 
number of breaks or contact zones as a value for each cell in the landscape.  One map layer was 
created and for phylogeographic breaks and another for contact zones.  These rasters were then 
converted to features for separate analyses using Spatial Statistics Tools in ARCVIEW. 
The second method included an algorithm that uses cellular automata, as suggested by 
Swenson (2008).  This method has been implemented in BIOGEOSIM (Gotelli et al., 2007) and 
has been used in the past to test for the mid-domain effect and for environmental gradients of 
species diversity (Rahbek et al., 2007).  This method relies on the “geometric constraint model” 
(Jetz & Rahbek, 2001), also known as the ‘spreading dye’ model, which assumes range 
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continuity.  BIOGEOSIM simulates the stochastic origin and spread of species geographic ranges 
in a landscape (Rahbek et al., 2007).  Instead of using species ranges, we used the polygons and 
circles (phylogeographic breaks and contact zones) in the analyses.  We used a homogeneous 
landscape to generate a null distribution of two-dimensional simulated ranges that could be 
compared to empirical data.  The null dataset created has the same size as the species’ ranges in 
the empirical dataset within the study area.  BIOGEOSIM first places a random point in the study 
area (the defined domain), allowing it to grow in random directions until it reaches the same size 
as each of the observed data rasters (polygons for the breaks or circles for the contact zones).  
Given that each phylogeographic break has a known size, BIOGEOSIM creates similar-sized 
polygons for each species, but randomly shaped and located.  Because contact zone circles are all 
the same size, the null model consists of one-sized polygons.  All polygons are then added, 
resulting in two independent maps from which is estimated the statistical expectation of range 
overlap of phylogeographic breaks and contact zones in each grid cell.  This process is then 
repeated and iterated multiple times giving multiple ‘random’ phylogeographic breaks and 
contact zones maps.  These replicates of ‘random’ maps are then used as the null distribution to 
which the observed map is compared.  I used 300 repetitions, 1,000 iterations, and an 8-cell 
contiguous dispersal pattern across a 10-km2 grid (166 x 278 cells).  The observed distributions 
were compared to the expected values with a goodness-of-fit statistic and a regression.  Although 
possible to include a heterogeneous landscape, I considered the expansion of each cell as 
equiprobable, as would be in a uniform environment.  I also used this method to determine 
whether the distribution of phylogeographic breaks and contact zones across the study area could 
be explained by the domain’s area geometry, referred to as the mid-domain effect (Colwell & 
Hurtt, 1994; Colwell et al., 2004). 
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To create hotspot maps of phylogeographic breaks and contact zones, I transformed each 
taxon’s observed polygons or circles into 5-km resolution rasters and overlaid them using the 
raster calculator in ARCVIEW’s Spatial Analyst Extension.  
Testing for Niche Divergence 
One possible way of testing for the role of ecology in the location of phylogeographic breaks 
is by comparing the levels of niche overlap, breath, and similarity between pairs of closely 
related taxa (Warren et al., 2008).  A significant difference in their ecological niches suggests 
niche divergence, and the location of the break between a pair of replacing taxa could be in 
response to environmental variables, whereas a non-significant difference is consistent with 
niche conservatism and can be interpreted as evidence that ecological variables may not be 
playing such an important role in the location of current breaks (Peterson et al., 1999).  
I selected five pairs of taxa to conduct niche comparisons, encompassing the three 
replacement patterns described later in this chapter.  Two pairs of taxa (Epinecrophylla 
gutturalis/E. haematonota and Hypocnemis cantator/H. flavescens) represent cases in which 
phenotypic and phylogeographic breaks coincide with the Rio Branco and the savannas in Brazil 
and Venezuela, but both pairs apparently come into contact at the Branco headwaters. Two other 
pairs (Brotogeris chrysoptera/B. cyanoptera and Willisornis p. poecilinotus/W. p. duidae) replace 
each other within the Branco/Negro interfluvium, where they come into contact. One pair (Pithys 
a. albifrons/P. a. peruvianus) replace each other across the Rio Negro and come into contact at 
the Negro headwaters (see chapter 3).  
• Ecological Niche Models. The first step in comparing ecological niches requires the 
creation of taxon-specific ENMs.  Among the several algorithms available for ENMs, I selected 
the Maximum Entropy algorithm (Maxent) (Phillips et al., 2006).  Maxent is a widely used 
method that has outperformed other approaches in simulations (Elith et al. 2006).  Maxent uses 
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maximum entropy density estimation to create a probability distribution over a study area that 
represents the potential distribution of a species, based on specimen locality data and 
environmental predictor variables (Phillips et al., 2004; 2006; Phillips & Dudik, 2008).  
Distribution models in Maxent were created using 25% of the locality points as test data and 25 
replications to evaluate model performance and stability of results.  I examined the Area Under 
Curve (AUC) scores on test and training data, consistency of results among replicates and the 
model’s ability to predict a taxon’s distribution to determine model performance, because 
interpreting model accuracy using one measure alone can be problematic (Lobo et al., 2008; 
Jiménez-Valverde et al., 2008; Peterson et al., 2008).  I created the final Maxent models for the 
comparative analyses from the average of all 25 replicates, using all available points.  To run 
niche overlap, niche breadth, identity, background, and the linear range-breaking tests I used 
ENMTools, which uses null distributions to compare the observed data (Warren et al., 2008). 
• Environmental Variables.  I obtained two types of data: climatic and elevational data 
from the Worldclim database (Hijmans et al., 2005) and vegetation data available from Saatchi’s 
website (Saatchi et al. 2007; Saatchi et al. 2008; Buermann et al. 2008).  An additional 
unpublished vegetation data layer was obtained from J. McCormack.  In total, I obtained an 
initial subset of 22 layers that were later reduced to 11 (Table 4.1).  To avoid using highly 
correlated variables, I ran Pearson’s correlation on 5,000 points randomly located in the Guiana 
Shield.  First, I compared correlations between temperature, precipitation, and vegetation 
variables separately, noting which variables were highly correlated.  Second, I performed a 
Principal Component Analysis (PCA) to determine which variables loaded on the same PC axes 
(data not shown).  Finally, I eliminated variables that showed a Pearson’s correlation > 0.670, 
which loaded on the same PC axis, and were in the same category for temperature, precipitation, 
or vegetation variables.  Three additional layers from the vegetation data were eliminated due to 
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a high proportion of missing data, which created problems when generating and comparing 
ENMs.  I used the program ENMTOOLS (Warren et al., 2008) to compare ecological niches 
among the five pairs of replacing taxa selected.  All layers were at a 1-km (30’’) resolution and 
were rescaled to 5-km (2.5’) resolutions to account for the margin of error of my locality points, 
which in many cases do not have such high resolution. 
 
Table 4.1. Eleven environmental and vegetation layers used in the ecological niche models.  
Original layers were available at a resolution of 30’’ but were rescaled to a lower resolution of 
2.5’ to match the resolution of the specimen data. 
Layer Layer biological interpretation Data source 
Bio2 
Mean Diurnal Range (Mean of monthly (max temp - 
min temp)) 
Bio4 Temperature Seasonality (standard deviation*100) 
Bio5 Max Temperature of Warmest Month 
Bio15 Precipitation Seasonality (Coefficient of Variation) 
Bio16 Precipitation of Wettest Quarter 
Srtm Elevation; Shuttle Radar Topography Mission  
Srtm_std Change in elevation over each km 
Worldclim data 
(Hijmans et al. 2005) 
Jerswettxr Canopy texture. Wet season texture radar data 
Jerswetbk Flooded forest. Wet season backscatter radar data Saatchi et al. 2000 
Qscat_mean Aboveground biomass and canopy roughness  
Qscat_stdv Degree of phenological change over a year 
Long et al. 2002 
 
 
• Niche Overlap.  This test compares the probability distribution over geographic space 
generated by Maxent between two taxa, using a similarity metric (Warren et al., 2008).  
ENMTOOLS generates values for Schoener’s D (Schoener, 1968) and the “I” niche overlap 
statistic proposed by Warren et al. (2008) based on the Hellinger distance.  Because I found no 
difference between the outcomes of the comparisons made with each metric, I only report results 
based on Schoener’s D, where D = 1 if niche overlap between the two taxa is identical and D= 0 
when two species share no aspect of their niche.  
• Niche Breadth.  This parameter is measured as in Levins (1968), where Breadth (B)= 
1/!pi2, and pi is the proportion of all resources used by the population that consists of items in 
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state i.  Given that pi is the denominator, species that use many resources (or many 
environments) will have a large value of B (Warren et al. 2010). 
• Identity Test.  This test determines whether the observed niche overlap score for two 
pairs of taxa is lower than a null distribution of niche overlap scores.  The null distribution is 
generated by randomly sampling geographic coordinates from the pooled locality data of the two 
taxa to create two new samples with the same number of observations as the observed data, 
repeating this process 100 times.  If the observed niche overlap value falls outside of the lower 
95% confidence interval, then the two taxa exhibit greater niche divergence than expected by 
chance. 
• Background Test.  This test compares the observed niche overlap score between two 
sister taxa to a null distribution that takes into account the differing background environmental 
heterogeneity of the two taxa’s ranges.  This test creates a null distribution of overlap scores by 
comparing Maxent models calculated from taxon A’s locality data and random points drawn 
from the background of its pair (taxon B) range.  An identical comparison is made using taxon 
B’s locality data and random background points from taxon A’s range.  To determine whether 
niches where different or not from a random null distribution, I treated the hypothesis of niche 
divergence as a one-tailed test.  Overlap values smaller than the null distribution supported niche 
divergence, whereas values equal or larger than the null supported lack of niche differentiation.  
These results were then tested using a one-tailed t-test. 
• Linear Range-Breaking Test.  I used this test to test the hypothesis that a boundary 
between a pair of taxa corresponds to a significant environmental boundary (i.e., more different 
than expected by chance).  This is done by randomizing the location of the boundary, by pooling 
occurrences for the two taxa and randomly a new boundary that separates the pooled occurrences 
into artificial pairs with similar sample sizes as the original data set (Warren et al., 2010).  The 
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following step is to construct ENMs for the newly generated pair many times, measuring their 
overlap and building a null distribution of expected overlaps across a randomly drawn barrier 
that splits populations (Warren et al., 2010).  These results were tested using a one-tailed t-test. 
Collection of Molecular Data and Phylogenetic Analyses 
To provide an independent assessment of the location of major breaks in the study area, I 
gathered molecular data for each pair of taxa.  I only included pairs for which I obtained samples 
from the three main regions of the study area (see chapter 2): i) east of the Rio Branco, ii) 
Branco/Negro interfluvium, and iii) west of the Rio Negro.  A total of 68 pairs fulfilled these 
requirements (Table 4.2).   
To obtain a common measurement of genetic structure, I sequenced the complete 
mitochondrial NADH dehydrogenase subunit 2 (ND2) protein-coding gene.  This gene has 
shown to be well suited to recover population monophyly and to assess population structure, 
both in recently diverged and older related taxa (Price, 2008; Zink & Barrowclough, 2008).  
Although single locus studies have limitations, particularly to obtain population parameters due 
to the stochastic nature of the gene coalescence (Edwards & Beerli, 2000; Arbogast et al., 2002; 
Brumfield et al., 2003; Balloux, 2010), my intention here was simply to describe the general 
genetic structure (and its breaks) in as many pairs as possible, a role that mtDNA genes play 
surprisingly well (Avise, 2000; Zink & Barrowclough, 2008).  For a detailed explanation of the 
protocols used for DNA extraction, gene amplification, and sequencing, see chapter 3.  To 
establish the general location of the phylogeographic breaks, I built phylogenetic trees and then 
determined how the split from the most recent common ancestor of each pair correlated with 
physical barriers in the landscape.  For a complete description of tree-building methods see 
chapter 3. 
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Outcome of Secondary Contact 
Within those pairs of taxa that come into actual or potential contact, I looked for evidence of 
hybridization or introgression.  Using museum specimen data, I looked for intermediate-looking 
birds as evidence of hybridization (see chapter 3).  Molecular data were also used to identify 
cases of hybridization, evidenced by discordance between morphological and molecular data.  
On the other hand, lack of putative hybrids was accepted as evidence that pairs of taxa were 
reproductively isolated.  Although it would be ideal to make a quantitative genetic analysis 
defining and measuring hybrid zones and clinal width, this was not feasible because tissue 
samples from the contact zones were not available. 
Once the outcome of secondary contact was established, a second aim was to test whether the 
likelihood of introgression or hybridization between a given pair is related to their inferred time 
of isolation, using levels of genetic divergence as proxies.  I compared average genetic distances 
between pairs of taxa that come into contact and apparently interbreed with those that come into 
contact and do not hybridize.  The use of genetic variation to assess absolute divergence times 
has many caveats (Arbogast et al. 2002; Graur & Martin, 2004), particularly in the application of 
molecular clocks in single-locus studies.  I avoided using tissue samples from areas where gene 
flow may occur, and only used samples located away from the inferred contact zones. 
RESULTS 
I identified a total of 103 pairs of taxa (29 species pairs and 74 subspecies pairs, representing 
27 avian families) that replace one another geographically and ecologically in the terra firme 
forest of the Guiana Shield (Table 4.2, Appendix F).  Avian families with the highest number of 
replacing pairs were the Thamnophilidae (18 pairs), Dendrocolaptidae (13), Tyrannidae (9), 
Thraupidae (8), Picidae (6), Furnariidae (5) and Pipridae (5).   
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To assess general replacement patterns in the Guiana Shield, I integrated both the 
distributional and phylogeographic data for 77 pairs of taxa (Table 4.2).  Whereas most pairs 
replace one another across the lower Rio Negro, three recurrent distributional replacement 
patterns are evident from the data above this region (farther west).  The three patterns were: i) 
pairs replacing along the Rio Branco and the Roraima-Rupunnuni savannas and the Gran Sabana 
in Venezuela (40 pairs) (see Fig. 4.2 for an example); ii) pairs replacing along the entire Rio 
Negro (19 pairs) (Fig. 4.3); and iii) pairs replacing along the Branco/Negro interfluvium (18 
pairs) (Fig. 4.4).  The replacement patterns of 26 pairs could not be established with confidence, 
due mostly to lack of geographic or molecular sampling (19 pairs), but also due to weak 
morphological and genetic differentiation of some of the pairs (7) (Appendix F).  I obtained data 
on both phenotypic and molecular characters for 53 pairs of taxa (Table 4.2).  
Location of Phylogeographic Breaks  
Using distributional data, I built phylogeographic break polygons for 69 pairs of taxa, which 
is the number of pairs for which I obtained sufficient samples to draw sound conclusions of their 
distribution patterns.  Two independent metrics showed that breaks are not randomly distributed 
within the landscape.  The Global Getis-Ord G statistic yielded positive and significant Z scores 
(Zg =36.89; P<0.001) indicating that phylogeographic breaks cluster spatially.  Local Getis-Ord 
G statistics provided the visual answer to where these clusters are located, by depicting all 
regions where Zgi>1.96, and p<0.05 (Fig. 4.5).  A hotspot map of phylogeographic breaks shows 
that the highest proportion of breaks occurs along the lower Rio Negro, the Rio Branco, and its 
associated savannas, but also along the middle Rio Negro, and to a lesser extent the upper Rio 
Negro (Fig. 4.6).  Besides the main rivers and non-forested regions, a number of breaks also 
aggregate within the Branco/Negro interfluvium and in some cases seem to be independent of 
landscape features. 
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Table 4.2. Pairs of forest-dwelling avian taxa (N = 77) that replace one another geographically 
and ecologically in the Guiana Shield.  Replacement patterns were separated in morphological 
and phylogeographic breaks to highlight coincidence and differences, and both datasets were 
integrated in the second column.  B represent pairs of taxa that replace across the Rio Branco 
(pattern I distributions); N are pairs of taxa that replace across the Rio Negro (lower and upper); 
and BN are pairs that replace within the Branco/Negro interfluvium.  When available, I included 
the mean corrected genetic distance between phenotypically distinct populations.  Contact pattern 
refers to the areas where the distributions of each pair come close together (i.e., rivers’ 
headwaters) A: allopatric; PS: parapatric or sympatric (in contact with no known hybrids); H: 
hybrids or intermediate plumage birds reported or found in collections. 
 
Pair of taxa 
Replacement pattern 
Integrated      morphology          genetic 
Mean 
genetic 
distance 
Contact 
pattern 
Brotogeris chrysoptera/B. cyanoptera BN BN BN 1.99 A  
Pyrilia caica/P. barrabandi B B Poor sampling 7.82 PS 
Topaza pella/T. pyra BN BN Poor sampling 7.62 A 
Phaethornis bourcieri whitelyi/ bourcieri B unclear B  ? 
Phaethornis s. superciliosus/insolitus N N N 10.81 PS 
Thalurania f. furcata/nigrofasciata B unclear B 5.74 ? 
Trogon r. rufus/sulphureus B B B 1.88 A 
Momotus m. momota/microstephanus N N N 2.32 PS  
Galbula a. albirostris/chalcocephala BN or B BN B 7.67 ? 
Galbula d. dea/brunneiceps BN or B BN B 8.17 ? 
Notharchus macrorhynchos/ 
 N. hyperrhynchus B B Poor sampling  A 
Monasa atra/M. morphoeus BN BN BN 8.45 S 
Capito niger /C. auratus B B B 7.65 A 
Ramphastos t. tucanus/couvieri B B Poor sampling 0.32 H 
Ramphastos v. vitellinus/culminatus B B Poor sampling 0.73 H 
Selenidera culik/S. nattereri BN BN Poor sampling  A 
Pteroglossus aracari/P. pluricinctus B B Poor sampling 2.75 H 
Veniliornis cassini/V. affinis BN BN BN 8.50 PS 
Piculus f. flavigula/magnus N N N 1.97 H 
Celeus undatus/C. grammicus B B B 1.95 H 
Celeus e. elegans/jumanus B B B 0.77 H 
Celeus t. torquatus/occidentalis BN BN BN 1.12 H 
Synallaxis rutilans dissors/confinis N N N 1.67 A 
Automolus infuscatus cervicalis/badius B B B 3.66 A 
Automolus rubiginosus obscurus/venezuelanus B B no genetic data  A 
Xenops minutus ruficaudus/remoratus N N N 6.34 PS 
Dendrocincla f. fuliginosa/phaeochroa B B B 6.05 PS 
Dendrocincla m. merula/bartletti B B B 4.37 A 
Sittasomus griseicapillus 
axillaris/amazonus N unclear N 1.63 A 
Glyphorynchus s. spirurus/rufigularis B B B 8.53 PS 
Hylexetastes perrotii/H. stresemanni BN  Poor sampling  ? 
Dendrocolaptes c. certhia/radiolatus N N N 2.14 A 
Xiphorhynchus  pardalotus/X. ocellatus N N N 5.26 A 
Xiphorhynchus guttatus polystictus/ 
guttatoides BN BN BN 6.36 H 
Lepidocolaptes a. albolineatus/duidae B B B 6.90 A 
Cymbilaimus l. lineatus/intermedius B B B 2.73 A 
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(Table 4.2 con’d.) 
Pair of taxa 
Replacement pattern 
Integrated      morphology          genetic 
Mean 
genetic 
distance 
Contact 
pattern 
Frederickena viridis/F. unduligera N N Poor sampling 10.06 A 
Thamnophilus murinus cayennensis/ 
murinus N unclear N 1.94 ? 
Thamnophilus amazonicus divaricatus/ 
cinereiceps B B B 4.29 A 
Epinecrophylla gutturalis/E. haematonota B B B 7.37 PS 
Myrmotherula guttata/M. hauxwelli N N Poor sampling 9.08 A 
Myrmotherula a. axillaris/melaena BN BN BN 1.19 H 
Myrmotherula menetriesii cinereiventris/ 
pallida B B Poor sampling  PS 
Hypocnemis cantator/H. flavescens B B B 9.04 PS 
Cercomacra cinerascens immaculata/ 
cinerascens B B B 1.95 A 
Cercomacra t. saturatior/tyrannina BN BN BN 1.88 PS 
Percnostola r. rufifrons/minor B B B 5.36 A 
Schistocichla l. leucostigma/infuscata B B B 1.94 A 
Pithys a. albifrons/peruvianus N N N 1.26 H 
Gymnopithys rufigula/G. leucaspis N N N 2.29 H 
Willisornis p. poecilinotus/ duidae BN BN BN 10.82 H 
Myrmothera campanisona campanisona/ 
dissors B B B 2.85 A 
Zimmerius acer/Z. gracilipes BN BN BN 12.93 PS 
Hemitriccus zosterops 
rothschildi/zosterops B B B 1.24 A 
Todirostrum pictum /T. chrysocrotaphum N N N 10.18 A 
Tolmomyias assimilis 
neglectus/examinatus B B B 5.32 A 
Tolmomyias poliocephalus sclateri-
klagesi/ poliocephalus N unclear N 2.98 A 
Onychorhynchus c. coronatus/castelnaui N N N 8.18 A 
Terenotriccus e. erythrurus/venezuelensis BN BN Poor sampling 8.15 A 
Phoenicircus carnifex/P. nigricollis B B Poor sampling 2.92 A 
Lepidothrix serena/L. coronata B B Poor sampling  ? 
Tyranneutes virescens/T. stolzmanni B B B 11.38 PS 
Schiffornis t. turdinus/amazonus B B B 9.69 A 
Iodopleura fusca/I. isabellae BN BN Poor sampling 8.75 A 
Piprites chloris chlorion/tschudii N N N 1.65 H 
Hylophilus muscicapinus/H. hypoxanthus N N N 11.34 A 
Hylophilus ochraceiceps luteifrons/ 
ferrugineifrons B B B 13.35 PS 
Microcerculus b. bambla/albigularis B B B 10.14 A 
Pheugopedius c. coraya/griseipectus B B B 12.89 PS 
Microbates collaris torquatus/collaris B unclear B 2.99 A 
Polioptila g. guianensis/facilis B B No genetic data  ? 
Tachyphonus s. surinamus/brevipes BN BN Poor sampling 1.52 A 
Tangara m. mexicana/media B B Poor sampling  A 
Cyanerpes c. caeruleus/microrhynchus BN BN 
no gen. 
structure 0.68 A 
Hemithraupis f. flavicollis/aurigularis B B B 5.01 A 
Euphonia cayennensis/E. rufiventris B B B 6.56 PS 
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Fig. 4.2. Example of a type I replacement pattern in the Guiana Shield, where a pair of closely related 
taxa (Hypocnemis cantator [white dots] and H. flavescens [red dots, and red portion of tree]) replace 
each other at the Rio Branco and the Roraima-Rupunnuni savannas. ML phylogenetic tree shows 
reciprocal monophyly of the two populations. Forty other pairs share this general pattern.  (Photograph 
by Arthur Grosset). 
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Fig. 4.3. Example of a type II replacement pattern in the Guiana Shield, where a pair of closely related 
taxa (Pithys a. albifrons [white dots] and Pithys a. peruvianus [red dots, and red portion of tree]) 
replace each other at the Rio Negro.  ML phylogenetic tree shows reciprocal monophyly of the two 
populations. Nineteen other pairs share this general pattern.  (Photographs by L.N. Naka). 
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Fig. 4.4. Example of a type III replacement pattern in the Guiana Shield, where a pair of closely 
related taxa (Willisornis p. poecilinotus [white dots] and Willisornis p. duidae [red dots, and red 
portion of tree]) replace each other in the Branco/Negro interfluvium.  ML phylogenetic tree shows 
general reciprocal monophyly of the two populations, except one individual with eastern phenotype 
located to the east of the Rio Branco (Virua 6) that falls within western populations.  Eighteen other 
pairs share this general pattern.  (Photograph by L.N. Naka). 
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Fig. 4.5. Results from the local Getis-Ord G statistics.  Warmer colors (red and dark orange, 
Standard deviation > 1.96) indicate areas where the number of phylogeographic breaks is higher 
than expected by chance.  Light orange and yellow (-1.96 < Std < 1.65) represent areas where the 
number of breaks is similar to what would be expected by chance alone, whereas blue areas (std 
< -1.96) are areas where the number of breaks is lower than expected. 
 
 
 
Fig. 4.6. Hotspot map of 69 phylogeographic breaks in the Guiana Shield.  Warmer colors 
indicate higher number of breaks (gray=1-5 phylogeographic breaks, yellow= 6-15, orange=16-
30, and dark orange 30 – 67). 
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Two-dimensional null models, as implemented in BIOGEOSIM (Gotelli et al. 2007), also 
indicated significant spatial clustering in the distribution of phylogeographic breaks.  The 
regression of the observed richness of breaks per cell resulted in a slope =0.052 and an r2 = 
0.00002, indicating that the slope is significantly different from 1 (as would be expected if the 
null model fit the observed data and the simulations explained a small portion of the variation in 
the distribution of breaks). 
To determine whether the distribution of phylogeographic breaks across the study area was a 
function of the area’s geometry, referred to as the mid-domain effect, I compared the observed 
distribution of phylogeographic breaks to the null distributions created by BioGeoSim.  The 
number of breaks per cell  (observed richness of phylogeographic breaks) was greater than all 
simulated expected values, with a standardized effect size of 64.72. This means the observed 
distribution of phylogeographic breaks in the study area is more than 64 standard deviations 
greater than expected by chance (observed contact zone richness index = 1.77 x 106, mean of 
expected index = 0.093 x 106).  Likewise, the spreading dye model was able to predict only a 
minute portion of the distribution of phylogeographic breaks in our study (r2 = 0.052). 
Location of Contact Zones 
At least 31 pairs of taxa come, or are likely to come, into direct contact in the Guiana Shield 
(Table 4.2).  I mapped a total of 82 contact zones, where some pairs had more than one area of 
contact (Fig. 4.7).  The Global Getis-Ord G statistic yielded positive and significant Z scores (Zg 
=11.37; P<0.001) indicating that contact zones cluster spatially and were not randomly 
distributed throughout the landscape.  Local Getis-Ord G statistics identified where these clusters 
are by depicting in red all regions where Zgi>1.96, and p<0.05 (Fig. 4.8). 
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Fig. 4.7. Position of 80 contact zones identified in the Guiana Shield. Each yellow circle 
represents a 50-km radius around a location of sympatry, a hybrid, or the mid-point between two 
localities, where a pair of taxa occurs at less than 100 km apart with no obvious physical barrier 
between them. 
 
Fig. 4.8. Results from the local Getis-Ord G statistics for 80 contact zones.  Warmer colors (red 
and dark orange, Standard deviation > 1.96) indicate areas where the number of contact zones is 
higher than expected by chance.  Light orange and yellow (-1.96 < Std < 1.65) represent areas 
where this number is similar to what could be expected by chance alone, whereas blue areas (std 
< -1.96) are areas where the number of contact zones is lower than expected. 
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Two-dimensional null models also indicated a significant spatial clustering in the distribution 
of contact zones.  The regression of observed richness of breaks per cell resulted in a slope 
=2.08, r2 = 0.0098.  Slope values close to 1 and high r2 results are expected if the null model fits 
the observed data.  In this case, both values indicate that the null model explains a small portion 
of the variation in contact zone distribution across the study area, and do not fit the data very 
well.  A hotspot map of contact zones shows they cluster in two particular areas, associated with 
the Branco and Negro’s headwaters (Fig. 4.9).  
To determine whether the distribution of contact zones across the study area was a function 
of the area’s domain, referred to as the mid-domain effect, I compared the observed distribution 
of phylogeographic breaks to the null distributions created by BioGeoSim.  The number of 
breaks per cell (observed richness of phylogeographic breaks) was greater than all simulations 
expected values, with a standardized effect size of 23.5. In other words, the observed distribution 
of phylogeographic breaks in our study area is more than 23 standard deviations greater than 
expected by chance (observed contact zone richness index = 1.50 x 104, mean of expected index 
= 0.51 x 104).   
A similar analysis to assess the effect of the mid-domain effect on the location and 
distribution of contact zones was performed using BIOGEOSIM and the spreading dye model.  
Similar to previous results, I found that the observed number of contact zones per cell was over 
21 standard deviations greater than expected by chance (observed contact zone richness index = 
1.52 x 104, mean of expected index = 5.34 x 103).  The spreading dye model was able to predict 
an even smaller portion of the observed number of contact zones per cell (r2=0.01).  These results 
indicate that the ‘mid-domain effect’ has a small influence in the spatial patterns observed. 
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Fig. 4.9. Hotspot map of 80 contact zones in the Guiana Shield.  Areas in yellow are those with a 
single contact zone; in orange, areas with 2-4 contact zones; and in dark red, areas with more 
than 4 contact zones. 
 
Testing for Niche Divergence 
Projected distributions from Maxent accurately matched known distributions based on 
locality points of all 10 taxa examined, and no dramatic over prediction was evident in the 
models (not shown).  In all cases, AUC scores were consistently high (Table 4.3), and models 
were consistent among replicates, suggesting good performance of the selected algorithm.  All 
pairs showed relatively low values of niche overlap, with a maximum value of 36.8% in 
Hypocnemis cantator/H. flavescens (Table 4.4).  Niche breadth was consistently higher for 
eastern than for western taxa, with the exception of both species of Epinecrophylla, which 
showed comparable values (Table 4.4).  The largest difference within a pair was observed in the 
two species of Brotogeris, although this could be a function of B. cyanoptera having a smaller 
range in the study region.  As expected, the identity test (in which pairs of taxa are lumped as 
one) showed consistently higher values than the observed niche overlap, showing that the 
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localities where individuals have been recorded are more similar to one another than expected 
under a random null distribution (Table 4.5).  On the other hand, results from the background 
tests, which do not lump the two taxa, showed that when the environmental background of the 
allotaxon is taken into account, niche overlaps tend to be less similar than expected by chance.  
Results of the niche divergence background test showed taxon-specific results.  I found evidence 
of niche divergence in four of the five pairs investigated, meaning that the niches of most pairs 
are more different than expected using a null distribution (Table 4.4, Fig. 4.10).  In only one of 
the pairs were these differences valid for both taxa in a pair (see Epinecrophylla gutturalis and E. 
haematonota).  In the three other cases in which niches were different, I only found evidence of 
niche divergence when comparing niches of eastern taxa with western backgrounds and not 
when comparing western niches and eastern backgrounds (Table 4.4, Fig. 4.10).  
The linear range break test showed that all pair breaks coincide with significant 
environmentally distinct regions (Table 4.6).  This means that the ecological niches of all pairs 
are more different from one another than if we draw random breaks across the landscape. 
Outcome of Secondary Contact 
Museum specimens and field data suggest that at least 31 pairs of taxa may come into 
contact.  There is good evidence, based on specimens with intermediate plumage (see chapter 3), 
that nearly half of these pairs (13) hybridize to some extent (Table 4.7).  Mitochondrial data 
show that the mean corrected genetic distance between pairs of taxa for which hybrids have been 
found (0.025) is significantly lower than between those for which putative hybrids have not been 
found (0.084); (t-test, t= 5.01, df= 26.9, p= 0.00003) (Fig. 4.11).  
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Table 4.3. List of 10 taxa (5 pairs) used in the ENMs, including the number of localities used for 
each model and the Area Under Curve values (AUC), which can be interpreted as the accuracy 
of the model to predict occurrence data.  In general, values over 0.9 represent an excellent model, 
whereas over 0.8, values can be considered very good.  AUC values were obtained by averaging 
results from 25 different models. 
Species No. localities AUC 
Epinecrophylla gutturalis 120 0.89 
Epinecrophylla haematonota 119 0.92 
Hypocnemis cantator 140 0.87 
Hypocnemis flavescens 147 0.90 
Brotogeris chrysoptera 50 0.96 
Brotogeris cyanoptera 44 0.83 
Willisornis p. poecilinotus 195 0.86 
Willisornis p. duidae 74 0.92 
Pithys a. albifrons 144 0.85 
Pithys a. peruvianus 23 0.96 
 
 
Table 4.4.  Results of niche divergence background test (one-sampled, one-tailed t-test).  Mean 
values represent the average result of the 100 replicates to create the null distributions.  In all 
cases, standard deviations from the mean are lower than 0.005.  The upper critical value of 
Student’s distribution for 99 degrees of freedom is 1.66, at a 0.05 acceptance value).   
Taxon (range background) | 
Niche 
divergence? 
Niche 
breath Mean 
95% conf. 
interval T value 
Obs. niche 
overlap 
Epinecrophylla gutturalis (haematonota) Yes 47981 0.353 0.350-0.356 17.91* 
Epinecrophylla haematonota (gutturalis) Yes 46819 0.333 0.329-0.336 4.59* 0.324 
Hypocnemis cantator (flavescens) Yes 55716 0.409 0.406-0.413 24.09* 
Hypocnemis  flavescens (cantator) No 47792 0.319 0.315-0.322 -20.02 0.368 
Brotogeris chrysoptera (cyanoptera) Yes 70676 0.393 0.386-0.340 16.94* 
Brotogeris cyanoptera (chrysoptera) No 19511 0.324 0.320-0.329 -5.38 0.336 
Willisornis p. poecilinotus (duidae) No 65850 0.320 0.314-0.326 -5.38 
Willisornis p. duidae (poecilinotus) | No 32725 0.295 0.293-0.297 -19.04 0.316 
Pithys a. albifrons (peruvianus) Yes 67178 0.350 0.342–0.358 8.21* 
Pithys a. peruvianus (albifrons) No 24395 0.314 0.311-0.318 -0.81 0.316 
* p<0.001 
 
 
Table 4.5.  Results of the identity test, which combines locality points form each pair of taxa in 
a single analysis.  Mean values and 95% confidence intervals are the result of 100 replicates. 
Pair of taxa Mean (std Err.) 95% conf. intervals 
Epinecrophylla gutturalis/ haematonota 0.821 (0.0020) 0.817-0.826 
Hypocnemis cantator/flavescens 0.829 (0.0016) 0.826-0.833 
Brotogeris chrysoptera/ cyanoptera 0.766 (0.0036) 0.759-0.774 
Willisornis p. poecilinotus/ duidae 0.836 (0.0018) 0.832-0.840 
Pithys a. albifrons/ peruvianus 0.777 (0.0029) 0.772-0.783 
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Table 4.6. Results of linear range break test (one-sampled, one-tailed t-test).  Mean values 
represent the average result of the 100 replicates to create the null distributions.  The critical 
value for the t-test is 1.66 (99 degrees of freedom). The upper critical value of Student’s 
distribution for 99 degrees of freedom is 1.66, at a 0.05 acceptance value). 
Pair of taxa Mean (std Err.) 
95% conf. 
intervals T value 
Obs. niche 
overlap 
Epinecrophylla gutturalis/ haematonota 0.432 (0.006) 0.420-0.445 16.9237 0.324 
Hypocnemis cantator/flavescens 0.473 (0.005) 0.463-0.484 19.6507 0.368 
Brotogeris chrysoptera/ cyanoptera 0.417 (0.007) 0.403-0.432 11.1329 0.336 
Willisornis p. poecilinotus/ duidae 0.418 (0.009) 0.402-0.436 11.9346 0.316 
Pithys a. albifrons/ peruvianus 0.440 (0.009) 0.421-0.459 13.2171 0.316 
 
DISCUSSION 
Location of Contact Zones and Phylogeographic Breaks  
Data from this study strongly suggest that present-day barriers are important in defining the 
location of phylogeographic breaks, and that contact zones cluster where these barriers are 
easiest to overcome.  I found that neither avian phylogeographic breaks nor contact zones are 
randomly distributed throughout the landscape in the Guiana Shield, and that their location 
cannot be explained by a null expectation based on geographic constraints of the study domain.  
Despite using different methodologies, similar results have been reported in the Palearctic, where 
continental geometry had a poor explanatory power with regard to the location of contact zone 
hotspots (Aliabadian et al., 2005).  Regardless of the results obtained in these two studies (the 
only ones I am aware of in testing the effect of geometric constraints of the domain in the 
location of contact zones), the ‘mid-domain effect’ remains as an important variable that need to 
be considered when analyzing spatial patterns in a geographical context (Colwell et al., 2004).  It 
would be interesting to include within the null models an heterogeneous landscape, where cells 
would have different probabilities of colonization, where rivers, savannas, and other barriers 
could be included. 
Phylogeographic breaks cluster primarily at the two biggest rivers in the region: the Negro 
and Branco rivers.  Both rivers were shown to represent important biogeographical barriers for  
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Fig. 4.10.  Test of niche divergence between pairs of taxa taking background into account.  
Arrows indicate observed ‘niche overlap values’, which are compared to a null distribution of 
background divergence.  Overlap values smaller than the null distribution support niche 
divergence, indicated by the stars.  Black stars indicate that niches of eastern taxa (black squares) 
are statistically different from western ranges (backgrounds), whereas white stars indicate that 
niches of western taxa are statistically different from eastern ranges.  No stars indicate that 
niches are no more different than expected under a null model. 
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Table 4.7.  Inference of reproductive isolation based on the presence of putative hybrids between 
pairs of taxa that come into actual contact within the Branco/Negro interfluvium, in relation to 
their pairwise mean genetic distance. 
Pair of taxa in contact Putative  Sample size Mean corrected  
 hybrids? E form W form genetic distance 
Pyrilia caica/P. barrabandi no 7 5 7.86 
Phaethornis s. superciliosus/insolitus no 10 12 10.82 
Momotus m. momota/microstephanus no 9 4 2.33 
Monasa atra/M. morphoeus no 3 4 8.45 
Ramphastos t. tucanus/couvieri yes 3 2 0.32 
Ramphastos v. vitellinus/culminatus yes 1 2 0.73 
Pteroglossus  aracari/P. pluricinctus yes 1 1 2.76 
Veniliornis cassini/V. affinis no 6 2 8.50 
Piculus f. flavigula/magnus yes 9 7 1.97 
Celeus undatus/C. grammicus yes 2 10 1.95 
Celeus e. elegans/jumanus yes 2 10 0.77 
Celeus t. torquatus/ occidentalis yes 7 2 1.12 
Epinecrophylla gutturalis/haematonota no 4 6 7.37 
Myrmotherula a. axillaris/melaena yes 18 6 1.19 
Myrmotherula menetriesisi cinereiventris/pallida no 8 na Na 
Cercomacra t. tyrannina/saturatior no 17 5 1.88 
Hypocnemis c. cantator/H. flavescens no 12 20 9.04 
Pithys a. albifrons/peruvianus yes 16 14 1.26 
Gymnopithys rufigula/G. leucaspis yes 13 9 2.29 
Willisornis p. poecilinotus/duidae yes 10 23 10.82 
Dendrocincla f. fuliginosa/phaeochroa no 7 16 6.05 
Glyphorynchus s. spirurus/rufigularis no 6 20 8.53 
Xiphorhynchus guttatus polystictus/guttatoides yes 12 7 6.36 
Xenops minutus ruficaudus/remoratus no 26 5 6.34 
Zimmerius acer/ Z. gracilipes no 8 12 12.93 
Tyranneutes virescens/T. stolzmanni no 5 5 11.38 
Hylophilus ochraceiceps luteifrons/ferrugineifrons no 7 13 13.35 
Piprites chloris chlorion/tschudii yes 4 2 1.65 
Pheugopedius c. coraya /griseipectus no 7 13 12.89 
Euphonia cayennensis/E. rufiventris no 2 3 6.95 
 
the avifauna (see Chapters 2 and 3), so clustering of phylogeographic breaks along them is 
unsurprising.  Above the lower Rio Negro, pairs of taxa follow three distinctive replacement 
patterns, breaking either along: i) the Rio Branco and the savannas of Roraima and Venezuela, ii) 
the upper Rio Negro, or iii) along the Branco/Negro interfluvium.  These patterns of replacement 
clearly mirror the geographic patterns observed in Guianan Shield endemics (see chapter 2); 
therefore, understanding the replacement patterns is necessary for defining the geographic limits 
of the Guiana area of endemism.   
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Fig. 4.11.  Outcome of secondary contact in relation to the pairwise mean genetic distance 
between allopatric and parapatric pairs of taxa.  Left column represents pairs of taxa that do not 
come into contact and remain allopatric throughout their distributions in the Guiana Shield 
(n=35); middle column represents those pairs of taxa that come into contact (sympatry or 
parapatry) and for which putative hybrids have been found in ornithological collections); and 
right column represents those pairs that come into contact and for which no apparent hybrids 
have been found or reported. 
 
The first two patterns described (breaks at the Branco and Negro rivers) represent pairs of 
taxa for which large rivers are their main barriers, but in their headwaters, other barriers play a 
similar role, particularly at the Branco headwaters.  There, additional barriers include: i) non-
forested areas such as the Roraima-Rupunnuni savannas and the Gran Sabana; ii) a mountain 
chain, the Sierra de Lema; and iii) three additional rivers. i.e., the Caroni, the Caura, and the 
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Paragua (See Table 2.3, chapter 2).  Thus, although 61 of the 77 pairs have breaks associated 
with a combination of two large rivers and other physical barriers, 16 pairs (~20% of the sample) 
have their breaks located within the Branco/Negro interfluvium, away from the influence of 
those two important rivers (although in most cases, they are still divided by the lower Rio 
Negro).  Within the Branco/Negro interfluvium, other putative barriers seem to be associated 
with the location of some breaks, including the Rio Caura and the Sierra de Parima.  Therefore, 
physical barriers may still be important within the interfluvium.  On the other hand, at least 9 of 
those 16 pairs do not appear to have any obvious barrier defining their ranges (Table 4.8).   
Competitive exclusion may account for their replacement patterns (see below).  Not surprisingly, 
66% of these pairs are currently recognized as full species, as opposed to a species/subspecies 
ratio of ~35% in the entire dataset, suggesting a bias towards well-differentiated pairs being 
independent of physical barriers.  Although I have previously pointed out that the taxonomic 
level given to a pair of replacing taxa is a subjective decision, it is also clear that, in general, 
species-level pairs are morphologically more differentiated compared to subspecies-level pairs.  
However, this is not necessarily true at the mtDNA level (see Table 4.2). 
 
Table 4.8.  Pairs of taxa for which their phylogeographic breaks do not coincide with any 
obvious geographical feature. 
Brotogeris chrysoptera/B. cyanoptera Myrmotherula a. axillaris/melaena 
Monasa atra/M. morphoeus Cercomacra t. tyrannina/saturatior 
Selenidera culik/S. nattereri Willisornis p. poecilinotus/duidae 
Veniliornis cassini/V. affinis Zimmerius acer/Z. gracilipes 
Xiphorhynchus guttatus polystictus/guttatoides  
 
I identified ~80 contact zones between 31 pairs of taxa, but more would probably be 
identified with further sampling.  On the other hand, ‘potential contact zones’ are not 
documented contact zones, and more subtle barriers, which I have not detected, may stop pairs 
from coming into contact. My estimates, however, are conservative, and I predict that future 
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sampling will show an even higher number of contact zones in a larger number of pairs.  Contact 
zones, as defined in this study, are also not randomly located throughout the landscape, and they 
clearly cluster at the headwaters of the Branco and Negro rivers (Figs. 4.9 and 4.10).  A closer 
look at the hotspot contact zones shows that these areas cluster where large rivers cease to act as 
barriers, suggesting that headwater regions indeed play an extremely important role in the 
geographic and evolutionary processes in this region  (see Fig. 4.12).  These data suggest that the 
headwaters are homologous to mountain passes and foothills in temperate regions, where contact 
and hybrid zones seem to aggregate (Hewitt, 1999).  This suggests that whereas “the challenges 
faced by organisms in the High Arctic and Wet Tropics are very different” as stated by Hewitt 
(2001), their responses and redistribution of geographic boundaries may follow common themes: 
presence and absence of physical barriers. 
The Role of Ecology and Niche Divergence 
Although physical barriers may play a fundamental role in both the location of contact zones 
and phylogeographic breaks in the Guiana Shield, Amazonian biogeography often neglects the 
possibility that ecology may be responsible for some of the patterns.  Almost three decades ago 
Endler (1977) put forward the ‘environmental gradient hypothesis’, which proposes that 
parapatric speciation was possible across steep environmental gradients, without the need for 
allopatric separation of ancestral populations.  Under this hypothesis, Amazonian centers of 
diversity should correspond to zones of relative environmental uniformity, and regions with 
population breaks should match zones of environmental change.  This hypothesis, although often 
mentioned in the literature (Haffer, 1997a; Moritz et al., 2000), was rapidly discarded among 
Amazonian biogeographers (e.g., Cracraft & Prum, 1988; Haffer, 1997a), but it has never been 
tested using the appropriate tools, such as those provided by ENMs.   
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Fig. 4.12.  Detailed view of the Branco/Negro interfluvium. The two circles represent the 
headwaters of the Rio Branco (to the right) and the Rio Negro (to the left), which is where I 
found the contact zones hotspots.  The region in between the Upper Orinoco (in orange) and the 
upper Rio Negro (in black) represents a place where several putative hybrids have been found: 
Yavita-Pimichim  (see Table 3.4, chapter 3, Appendix D) and is the only place in Venezuela 
where many species otherwise limited by the Rio Negro have been found (e.g., Hylophilus 
hypoxanthus, Xiphorhynchus ocellatus). 
 
Results from this study, on a very limited number of pairs, suggest that there are 
environmental gradients in Amazonia, and that the ecological niches of pairs of closely related 
taxa differ in some instances.  The results of the linear range breaking test is particularly 
interesting, because it shows that breaks in all study cases are located in areas of environmental 
change, or at least, more different than 100 random breaks.  Furthermore, it showed that the 
difference is lower (although still significant) in the two pairs of taxa that divide in regions 
without barriers (Brotogeris chrysoptera/B. cyanoptera and Willisornis p. poecilinotus/duidae). 
Surprisingly, I found two consistent trends related to eastern (Guianan endemics) and western 
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taxa in this study system: i) niche breath of eastern taxa is generally larger than that of western 
taxa, and ii) the niches of eastern taxa and western backgrounds are in general significantly 
different, whereas western niches are not different when compared to eastern backgrounds.  At 
first, a larger niche breath in eastern taxa seems somewhat counterintuitive, given that the 
Branco/Negro interfluvium (where western taxa occur) represents one of the most environmental 
heterogeneous regions of the Amazon and holds some of the tallest mountains in South America 
outside of the Andes (the tepuis).  Nonetheless, the taxa in question are forest-dwelling species, 
and in most cases rarely occur above 600 m.  Thus, although their ranges are in very 
heterogeneous areas, locality points for these taxa are only in lowland terra firme forests.  This 
may also explain why eastern taxa, when compared to western ranges, show statistically 
significant differences in their niches.  Mountains and large tracks of white-sand forest (where 
neither eastern of western forms occur) are part of the ‘background’ of western taxa.  Against 
this hypothesis, however, is the fact that a similar trend was found in Pithys albifrons, whose 
eastern taxon’s range (the nominate form) includes all those tall mountains mentioned above.  
Further studies in many more species are necessary to evaluate the generality of these trends. 
Of the five pairs investigated, the only one that showed no significant niche divergence were 
the two subspecies of Willisornis poecilinotus that replace one another along the Branco/Negro 
interfluvium and are known to hybridize on the slopes of Cerro Duida, in the Venezuelan state of 
Amazonas (Zimmer, 1934).  Both taxa are morphologically and genetically distinct, and are 
likely valid biological species.  The two forms occur parapatrically in Venezuela and Brazil, 
without obvious barriers between their ranges (See Fig. 4.3), although distribution limits need to 
be fine-tuned in Brazil.  That their niches, as measured by ENM, do not differ suggests that 
environmental variables are not responsible for the location of their phylogeographic breaks, 
supporting the idea that interspecific competition is defining the limits of both forms.  This is 
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likely to be the case with many others pairs of taxa, particularly those that replace along the 
Branco/Negro interfluvium (Table 4.6).  Methodologies such as the ones employed here should 
help test for interspecific competition to assess the generality of this pattern.   
An important issue is that ENMs present idiosyncratic problems of their own (Soberón & 
Nakamura, 2009), one of which is that regional variation and environmental gradients often 
exaggerate ecological divergence in niche models (McCormack, 2009; Godsoe, 2010).  The 
method developed by Warren et al. (2008) and used here takes the variation of the background 
data into consideration, and by creating null distributions, it allows comparisons to the observed 
data.  On the other hand, the presence of true environmental gradients does not mean that a 
member of a given pair of taxa could not live in the range of the other taxon if the later were not 
there, which is one of the main tenets of interspecific competition and competitive exclusion.  
Overall, it seems like ENMs can be useful tools to explore differences in the environments that 
pairs of taxa inhabit, and the results from this study suggest that environmental changes not only 
do occur in the study area but also seem to be able to explain, in part, the location of some of the 
breaks found.  But the final conclusion from these data is that ecology (through competition, as 
seems to be the case in Willisornis poecilinotus, or through niche divergence, as apparent in the 
other cases) cannot be ruled out as a major player in the location of phylogeographic breaks. 
Outcome of Secondary Contact 
When previously isolated taxa come into secondary contact, at least three outcomes are 
possible, as outlined by Haffer (1969) and Mayr & O’Hara (1986).  i) Geographic overlap: if the 
speciation process has been completed during the period of isolation, this pair may have 
developed sufficient differences to avoid competition and to allow them to co-occur in sympatry 
and remain reproductively isolated.  ii) Geographic exclusion: the speciation process has not 
been completed, and although reproductively isolated, the taxa remain ecologically incompatible, 
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leading to competitive exclusion without hybridization.  iii) Hybridization: the speciation process 
has not been completed and pairs of taxa interbreed when in contact.  The formation of broad 
hybrid zones suggests no barriers to gene flow, whereas a narrow band of hybrids suggests that a 
certain degree of incompatibility has been reached, although not enough to halt gene flow.   
These scenarios are thought to be related to the time since isolation (Mayr & O’Hara, 1986) 
and can be better studied in suture zones, where multiple interacting lineages share a common 
environmental setting and show different levels of reproductive isolation (Moritz et al., 2009).  
In general, it would be expected that both pre-zygotic and post-zygotic isolation should increase 
with time of divergence (Coyne & Orr, 2004).  A fourth possibility not discussed by Haffer 
(1969) but mentioned by Mayr & O’Hara (1986) is that pairs do not come into actual contact, 
and remain isolated until today.  In this case, levels of genetic divergence should not show any 
distinctive pattern.   
Here, I showed that pairs of taxa for which putative hybrids have either been reported in the 
literature or found in ornithological collections show lower levels of mitochondrial genetic 
divergence than pairs of taxa that come into contact but do not show signs of hybridization.  This 
suggests that the levels of genetic distance may be good predictors of the likelihood of 
hybridization in nature.  As expected, pairs of taxa that do not come into contact (remain 
allopatric) do not show any clear pattern and present a larger variance in relation to their genetic 
distances (Fig. 4.11).  Two of the pairs that come into contact and hybridize, Willisornis p. 
poecilinotus/duidae and Xiphorhynchus guttatus polystictus/guttatoides, are clear outliers, that 
have large levels of corrected mitochondrial divergence (10.82% and 6.36%, respectively) and 
are not even sister taxa (see Table 3.3, Chapter 3).  The fact that these distantly related pairs are 
able to interbreed suggests that these levels of genetic divergence are not sufficient to inhibit 
hybridization.  Therefore, premating isolation mechanisms, such as behavioral isolation are more 
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likely to be acting among other pairs, rather than postmating mechanism, of the sort that could 
affect the development of hybrid individuals (Coyne & Orr, 2004). 
Correlated levels of genetic divergence and reproductive isolation have been demonstrated 
experimentally in Drosophila (Coyne and Orr 1989, 1997).  Similarly, Foltz (1997) found that 
the frequency of hybridization between sea stars was negatively correlated with the divergence 
time inferred from mtDNA.  Several over studies have shown similar trends in different groups 
of taxa, including frogs (Sasa et al., 1998), Lepidoptera (Presgraves, 2002), ducks (Tubaro & 
Lijtmaer, 2002), birds (Price & Bouvier, 2002), and pigeons and doves (Lijtmaer et al., 2003).  
These studies relied primarily on experimental crossings under controlled conditions, which have 
the clear advantage that hybrids can be confirmed and genotyped, and the survival and fertility of 
F1 and subsequent generations can be directly assessed.  In some cases (e.g. Drosophila), 
hybrids can be followed over the course of hundreds of generations, providing insights into the 
genetic mechanisms of pre- and post-zygotic isolation (Edmands, 2002).  On the other hand, 
experimental crossings are not natural outcomes, and these experiments may tell us little about 
the likelihood of hybridization in natural populations.   
This study represents one of the first to use exclusively natural populations, but this has 
resulted in several limitations: i) putative hybrids have not been confirmed by genetic means; ii) 
there is no data on the fertility and survival of putative hybrids; iii) there is no information of 
pre- or post-zygotic isolating mechanisms; and iv) genetic distances rely on a single genetic 
marker, which is under the stochastic effects of the coalescent (Arbogast et al., 2002; Hudson & 
Turelli, 2003), and therefore, may simply represent a very gross characterization of the inferred 
time of isolation.  Finally, I only had access to those putative hybrid individuals that overcame 
any possible pre-zygotic isolation mechanism but had the misfortune to be collected in the field 
and deposited in an ornithological collection to which I had access.  Therefore, I expect that a 
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larger number of pairs will be found to interbreed.  Furthermore, data on contact zones are so 
limited in the Amazon basin that we don’t even know whether these represent isolated cases of 
hybridization or samples of broad hybrid zones.  Given these limitations, it is surprising that such 
a clear pattern emerges at all, and hopefully these results will encourage future studies on 
individual cases, and open new lines of research in the Amazon basin. 
Location of Suture Zones and the Diversification Process  
Understanding the location of contact zones, phylogeographic breaks, and patterns of 
hybridization in natural avian populations is also relevant to the debate of both general modes of 
speciation and Amazonian models of diversification.   Although speciation by geographic 
isolation is the most accepted mode of vertebrate diversification (Mayr, 1942; 1963; Coyne & 
Orr, 2004; Price, 2008), considerable debate has surrounded the relative importance of allopatric, 
parapatric, and sympatric speciation (Lynch, 1989; Chesser & Zink, 1994; Barraclough & 
Vogler, 2000; Losos & Glor, 2003; Graham et al., 2004).  Results from this chapter agree with 
one of the main predictions of allopatric speciation proposed by Coyne & Orr (2004) that there 
should be “geographic concordance of species borders with existing geographic or climatic 
barriers”.  The concordance of significant genealogical partitions across multiple co-distributed 
taxa has been interpreted as the result of shared historical biogeographic factors in shaping 
intraspecific phylogenies (Avise, 2000), but also that there is a specific geographic cause for the 
break (Patton et al., 1998; Avise, 2000; Riddle et al., 2008).  As pointed out in the previous 
chapter, however, it seems highly unlikely that species separated by the Rio Branco are the result 
of common vicariant events.  Therefore, it seems possible that geographical barriers are 
important meeting points of previously isolated populations.  This supports the idea that 
phylogeographic breaks in multiple species may occur despite the lack of complete isolation 
between populations, and would tend to cluster in regions of poor habitat quality, ecological 
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gradients, or reduced dispersal (Irwin, 2002).  Rivers and other geographical barriers certainly 
represent areas where dispersal is reduced, and the presence of an ecologically similar allotaxon 
on the other side of the barrier is likely to stabilize the breaks (Case & Taper, 2005). 
The location of suture zones has also played an important role in the discussion of 
Amazonian models of diversification.  Supporters of the ‘refuge hypothesis’ suggested that 
contact zones should cluster between putative refugia (Haffer, 1969; Simpson & Haffer, 1987) 
and found that suture zones in birds (Haffer, 1969; 1974; 1985; 1987), plants (Prance, 1973), 
lizards (Vanzolini, 1973), and butterflies, were highly concordant (Brown et al., 1974; Simpson 
& Haffer, 1978); these patterns were used to help delimit ancestral refugia.  That these putative 
ancestral refugia were then proposed to be useful to delimit priority areas for conservation 
(Prance, 1977; Gentry, 1979; Myers, 1982) illustrates the serious practical implications that the 
location of contact zones may have outside the realm of historical biogeography.   
These approaches have been criticized in the past, particularly by Beven and co-workers 
(1984), who argued that concordance in the location of refugia for different taxa was not higher 
than expected by chance, and that there was no evidence that suture zones were not defined by 
present-day barriers.  In a similar fashion, Endler (1977, 1982a) and later Tuomisto & 
Ruokolainen (1997) proposed that environmental variables and current ecological conditions 
could also delimit suture zones, independent of any historical events, such as the persistence of 
populations in forest refugia.  More recently, Whinnett et al. (2005) showed that levels of genetic 
divergence across a butterfly suture zone in eastern Peru did not support expectations of 
simultaneous divergence and suggested that ecotones and partial environmental barriers could 
result in clusters of suture zones in particular regions, despite lineages having independent 
histories. Here, despite showing the clear importance of physical barriers, I showed that using a 
limited number of pairs I cannot reject the hypothesis that current environmental variables may 
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coincide also with the location of phylogeographic breaks.  In summary, it is clear that the 
geographic location of contact zones and phylogeographic breaks are related to the presence and 
absence of physical barriers, but environmental variables may also be responsible in creating the 
distribution patterns we see today.  
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CHAPTER 5 
CONCLUSIONS 
This study took advantage of an extraordinary biogeographical setting to study avian 
distribution patterns in an Amazonian suture zone, using multiple-pairs of taxa representing 
many independent lineages.  Each of the three research chapters used new approaches to address 
long-standing questions in avian biogeography and speciation, and many of the issues 
investigated were explored for the very first time in Amazonia.   
In the first research chapter (Chapter 2), I investigated avian distribution patterns in the 
Guiana Shield.  I identified the avian taxa endemic to the lowland terra firme forests of the 
Guiana Shield, and performed an analysis of their distributions to define the boundaries of the 
Guianan area of endemism.  This represents the first attempt since Haffer (1969, 1974), Muller 
(1973), and Cracraft (1985) to quantify the distributional patterns of an entire endemic avifauna.  
I characterized the Guiana area of endemism by compiling a large distributional database and 
using a combination of multivariate statistics, spatial analyses, and GIS mapping tools in a 
quantitative and replicable way that can be applied to any area of endemism.   
The Guianan area of endemism has been considered a biogeographical unit since Wallace 
(1852).  Its boundaries have been delimited traditionally by the Amazon River to the south and 
the Rio Negro to the southwest.  Its western boundary, however, has remained poorly defined 
until now.  The ambiguous delimitation of the western edge can be explained by the fact that 
Guianan endemics do not show a single distribution, but follow at least three distinct patterns, 
which appear to be correlated with the presence of different physical barriers.  The Rio Branco, 
and its associated savannas, represent the main barriers for avian dispersal in the Guiana Shield 
apart from the Rio Negro, and correspond to the most natural boundary for the Guianan area of 
endemism to the west.  This configuration is consistent with the one suggested by Cracraft 
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(1985), but not with other authors who often neglected this river (Bates et al., 1998; Eberhard & 
Bermingham, 2005; Silva et al., 2005).  Besides the main rivers in the region (the Negro and the 
Branco), I identified eight additional biogeographical barriers for birds, including smaller rivers, 
non-forested areas (savannas), and mountain ranges.  Finally, I found that the area west of the 
Rio Branco and east of the upper Negro (the Branco/Negro interfluvium) holds both eastern and 
western elements, and should not be included within the Guianan area of endemism.  I suggest 
that this area is best described as a transition zone between two distinct avifaunas. 
The results of this study suggest that, in contrast to other Amazonian areas of endemism, 
large rivers alone do not fully explain avian distribution patterns in the Guiana Shield.  
Therefore, the longstanding characterization of Amazonia as a mosaic of parapatric areas of 
endemism, delimited by major rivers, is an oversimplification.  This study unveiled a more 
complex delimitation of areas of endemism than previously recognized, argueing for a re-
assessment of other Amazonian areas of endemism, which should be based on newly available 
distributional data, accurate descriptions of individual species patterns, and replicable methods. 
In the second research chapter (Chapter 3), I analyzed the role of Amazonian rivers in 
generating and maintaining avian diversity by using a comparative approach to explore several 
aspects of the ‘riverine barrier hypothesis’ for the two most important rivers in the Guiana 
Shield: the Branco and Negro Rivers.  The research presented in this chapter advanced our 
understanding in four main aspects relevant to this topic.  
First, I confirmed that the two rivers are significant biogeographical barriers to the avifauna.  
I showed that phenotypically differentiated populations of birds across the rivers are also 
mitochondrially distinct (in most cases reciprocally monophyletic), suggesting little or no gene 
flow is occurring across the rivers.  Second, I showed quantitatively that the lower portion of a 
river represents a stronger barrier to gene flow than its upper reaches.  Whereas the lower Rio 
 111 
Negro divides nearly 90 pairs of taxa, the upper Negro acts as a significant barrier for only 19 
pairs.  The lower portion of this river also presents higher levels of genetic divergence, but there 
was no evidence of genetic homogenization towards the headwaters, as has been previously 
suggested.  This means that when only the taxa divided by the Rio Negro are considered (n=14), 
these show similar genetic distances across the lower Rio Negro as across the upper section of 
the river.  Third, I demonstrated that although rivers’ headwaters represent zones of contact 
between otherwise allopatric populations, only a handful of populations interbreed there. Finally, 
coalescent simulations offered mixed support for the role of rivers as drivers of simultaneous 
divergence across multiple co-distributed taxa.  Whereas the simulations strongly suggested that 
several speciation events were responsible for present diversity levels across the Rio Branco, 
simulations supported one or a few vicariant event for pairs across the Rio Negro.   
Together, the evidence obtained in this chapter points to three main conclusions: i) rivers are 
important mechanism in the maintenance of species diversity by enhancing isolation and 
inhibiting dispersal; ii) although rivers’ headwaters are regions of contact, only a few cases there 
is evidence of extensive hybridization; and iii) whereas the Rio Negro may be involved in the 
diversification process, data strongly argue against such involment of the Rio Branco, suggesting 
instead that each river has its own idiosyncratic history.  Generalizations are not warranted. 
In the last research chapter (Chapter 4), I explored the role of physical and ecological factors 
in the location of contact zones and phylogeographic breaks in the large transition zone of the 
Branco/Negro interfluvium.  This chapter offered new insights into the processes acting upon the 
delimitation of species boundaries, particularly where many co-distributed avian taxa cluster 
along common geographical regions. 
First, using spatially explicit and null models, I showed that contact zones and 
phylogeographic breaks are not randomly distributed across the Guiana Shield and that their 
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location cannot be explained by geographic constraints, such as the ‘mid-domain effect’.  I also 
found that phylogeographic breaks cluster along clear physical barriers, particularly the big 
rivers of the region, but also along other barriers that include non-forested regions and smaller 
rivers whose importance has not been properly assessed.  Second, by using ecological niche 
models and comparative null model approaches I compared niche divergence in five pairs that I 
used as study cases.  I found that most of these pairs showed significant levels of niche 
divergence, and that their breaks partition the habitat into more environmentally distinct regions 
than expected by chance, suggesting that environmental variables cannot be ruled out as 
important factors in the location of suture zones.  In one pair, I found that hybridizing parapatric 
taxa do not show significant differences in their niches, supporting the idea that biotic 
interactions, such as interspecific competition are likely to define their phylogeographic break.  
Third, the results suggest that 31 of the 77 pairs of taxa studied come into actual contact, and 
either occur in sympatry or parapatry.  Contact zones clustered at the headwaters of the Branco 
and Negro rivers (on the Branco/Negro interfluvium), supporting the transitional nature of this 
region.  This pattern also highlights the lack of strong barriers in the clustering of contact zones. 
Finally, nearly half of the pairs that come into contact hybridize to some degree, and these 
interbreeding pairs showed lower levels of mitochondrial genetic divergence than did pairs of 
taxa that come into contact but do not show any signs of hybridization.   
The results from the last chapter points towards some conclusions: i) physical barriers are an 
important mechanism in the maintenance of species diversity by enhancing isolation and 
inhibiting dispersal; ii) lack of strong physical barriers allows the formation of contact zones on 
the rivers headwaters; iii) environmental variables cannot be ruled out as a possible mechanism 
in the location of suture zones; iv) genetic distance, even though calculated from a single locus, 
was a good predictor of the probability of hybridization in nature. 
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APPENDIX A 
LIST OF 24 GUIANA SHIELD POSSIBLE ENDEMIC TAXA NOT INCLUDED IN 
THE ANALYSES 
 
 
Taxon Reason for exclusion 
Tinamus m. major Taxonomic uncertainty 
Crax a. alector Taxonomic uncertainty 
Phaethornis bourcieri whitelyi Taxonomic uncertainty 
Trogon m. melanurus Taxonomic uncertainty 
Trogon v. violaceus Taxonomic uncertainty 
Jacamerops a. aureus Taxonomic uncertainty 
Sclerurus rufigularis fulvigularis Inadequate geographic sampling 
Sclerurus c. caudacutus Taxonomic uncertainty 
Philydor e. erythrocercum  Inadequate geographic sampling 
Deconychura stictolaema clarior Inadequate geographic sampling 
Dendrexetastes r. rufigula Inadequate geographic sampling 
Campylorhamphus p. procurvoides Taxonomic uncertainty 
Thamnophilus m. murinus Taxonomic uncertainty 
Terenura s. spodioptila Inadequate geographic sampling 
Formicarius analis crissalis Inadequate geographic sampling 
Phylloscartes virescens Inadequate geographic sampling 
Tolmomyias poliocephalus klagesi Taxonomic uncertainty 
Microbates c. collaris  Taxonomic uncertainty 
Tachyphonus c. cristatus Taxonomic uncertainty 
Lanio f. fulvus Inadequate geographic sampling 
Tangara chilensis paradisea Taxonomic uncertainty 
Tangara v. velia Taxonomic uncertainty 
Tangara g. gyrola Taxonomic uncertainty 
Cyanerpes c. cyaneus Taxonomic uncertainty 
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1 Localities  
 
1. Brazil: Amapá, Porto Grande 
2. Brazil: Amapá and Pará, Jari 
3. French Guiana: Nouragues field station 
4. Brazil: Amapá, Parque Nacional Montanhas do Tumucumaque  
5. Suriname: Brownsberg 
6. Suriname: Raleigh falls/Voltzberg 
7. Guyana: Iwokrama Forest Reserve 
8. Guyana: Acary Mountains 
9. Guyana: West Kanukus 
10. Brazil: Amazonas, Manaus 
11. Brazil: Roraima, Parque Nacional do Viruá 
12. Venezuela: Bolivar, Reserva Florestal Imataca  
13. Brazil: Roraima, Caracaraí 
14. Brazil: Roraima, Estação Ecológica Maracá  
15. Venezuela: Bolivar, El Pauji 
16. Brazil: Amazonas, Rio Demeni/Aracá 
17. Venezuela: Bolivar, Cerro Guaiquinima 
18. Brazil: Amazonas, Campina do Rio Preto 
19. Brazil and Venezuela: Amazonas, Serra do Tapirapecó  
20. Brazil: Amazonas, Rio Marauia 
21. Venezuela: Bolivar, lower Río Caura 
22. Venezuela: Amazonas, Cerro de la Neblina 
23. Venezuela: Amazonas, Campamento Junglaven 
24. Venezuela: Amazonas, San Carlos del Rio Negro 
25. Brazil: Amazonas, São Gabriel da Cachoeira (east bank) 
26. Venezuela: Amazonas, Yavita-Pimichin 
27. Brazil: Amazonas, São Gabriel da Cachoeira (west bank) 
28. Brazil: Amazonas, Manacapuru 
29. Brazil: Amazonas, Parque Nacional do Jaú   
30. Brazil: Amazonas, Reserva de Desenvolvimento Sustentavel Amanã  
31. Brazil: Amazonas, Estação Ecológica Juami-Japura  
32. Colombia: Vaupés, Mitu 
33. Colombia: Caquetá and Guaviare, Parque Nacional Natural Serranía de Chiribiquete 
34. Colombia: Meta, Parque Nacional Tinigua  
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APPENDIX D 
EXAMPLES OF PUTATIVE HYBRIDS FROM THE HEADWATERS 
 
All intermediate-looking individuals come from contact zones between parental taxa, farther 
suggesting introgression.  All specimens are from Venezuela and are housed at the Phelps 
Ornithological Collection, except the specimens of Willisornis poecilinotus, housed at the 
American Museum of Natural History (AMNH).  
 
 
Pteroglossus aracari x P. 
pluricinctus 
Gymnopithys rufigula x leucaspis 
Piculus f. flavigula x P. f.  magnus Willisornis p. poecilinotus x  
W. p. duidae 
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APPENDIX E 
RESULTS FROM THREE INDEPENDENT JOINT POSTERIOR DENSITIES FOR THE 
RIO BRANCO USING ABC SIMMULATIONS 
 
Results from three independent joint posterior densities for E(t), !, and ", using ABC 
simulations (1,000,000 draws form the prior, tolerance=0.0005) using similar prior parameters 
for 24 pairs of co-distributed taxa across the Rio Branco.  
 
 
 
 
 
 145 
APPENDIX F 
RESULTS FROM THREE INDEPENDENT JOINT POSTERIOR DENSITIES FOR THE 
RIO NEGRO USING ABC SIMMULATIONS 
 
 
Results from three independent joint posterior densities for E(t), !, and ", using ABC 
simulations (1,000,000 draws form the prior, tolerance=0.0005) using similar prior parameters 
for 14 pairs of co-distributed taxa across the Rio Negro.  
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APPENDIX G 
LIST OF 26 PAIRS OF TAXA WITH DESCRIBED TAXA REPLACEMENTS 
WITHIN THE GUIANA SHIELD NOT INCLUDED IN THE ANALYSES 
  
List of 26 pairs of taxa with described phenotypic replacements within the Guiana Shield, not 
included in the analyses because of presenting either i) weak morphological differentiation ii) no 
genetic structure, or iii) insufficient distributional or genetic samples to describe general 
distribution patterns   
Pair of taxa Distributional data Phylogeographic. data 
Tinamus m. major/zuliensis weak morph. differentiation No genetic structure 
Crypturellus erythropus/duidae Poor sampling no genetic data 
Crax alector alector/erythrognatha Poor sampling no genetic data 
Psophia c. crepitans/napensis Poor sampling no genetic data 
Trogon m. melanurus/eumorphus weak morph. differentiation No genetic structure 
Trogon v. violaceus/crissalis Poor sampling Poor sampling 
Jacamerops a. aureus/ridwagi weak morph. differentiation No genetic structure 
Picumnus exilis buffoni/undulatus weak morph. differentiation Poor sampling 
Sclerurus r. fulvigularis/brunnescens Poor sampling Poor sampling 
Sclerurus caudacutus brunneus/caudacutus Poor sampling no genetic data 
Philydor e. erythrocercum/suboles Poor sampling no genetic data 
Deconychura l. longicauda/connectens Poor sampling Poor sampling 
Deconychura stictolaema clarior/secunda Poor sampling no genetic data 
Dendrocolaptes p. picumnus/validus Poor sampling Poor sampling 
Campylorhamphus p. procurvoides/sanus Poor sampling no genetic data 
Formicarius analis crissalis/zamorae Poor sampling Poor sampling 
Grallaria v. varia/cinereiceps Poor sampling no genetic data 
Hylopezus m. macularius/diversus Poor sampling no genetic data 
Conopophaga a. aurita/inexpectata Poor sampling Poor sampling 
Platyrinchus coronatus gumia/coronatus weak morph. differentiation x 
Chiroxiphia p. pareola/regina Poor sampling Poor sampling 
Cyphorhinus a. aradus/transfluvialis Poor sampling Poor sampling 
Tachyphonus c. cristatus/cristatellus weak morph. differentiation No genetic structure 
Tangara chilensis coelicolor-paradisea/chilensis weak morph. differentiation x 
Tangara v. velia/iridina weak morph. differentiation Poor sampling 
Cyanerpes c. cyaneus/dispar weak morph. differentiation Poor sampling 
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